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i 
EXECUTIVE SUMMARY 
In an effort to reduce NOX emissions both in the landing and take-off (LTO) 
cycle as well as in cruise, significant research has been conducted on novel 
aero-engine low emissions combustor design concepts. Preliminary combustor 
design and emissions prediction software tools are becoming increasingly 
important during the conceptual design phase of aero-engine combustors. They 
allow a large number of designs to be explored, in a relatively short amount of 
time, thereby identifying the most promising designs to consider for further 
development. 
There are three methods for NOX emission prediction; correlations, stirred 
reactor models and CFD models. Correlation methods are derived from 
experimental results and are therefore only applicable for combustors for which 
data is available. The stirred reactor modelling approach provides a reasonably 
good compromise with respect to computational time and robustness relative to 
correlation and CFD based methods. The stirred reactor method assumes finite 
rate chemistry inside the combustor using simplified chemical kinetic models. 
The basic concept of the reactor-based method is to split the combustor into a 
number of reactors (perfectly or partially stirred) to compute the overall 
emissions. 
The primary objective of this doctoral research was to assess the suitability and 
limitations of the stirred reactor modelling approach to predict NOX emissions of 
a Rich-Burn Quick-Quench and Lean-Burn (RQL) combustor concept. The 
geometry of the RQL combustor and the model constraints were assumed from 
a NASA test rig experiment. The stirred reactor emission prediction model 
developed was verified using this test data. The results suggest that, based on 
the modelling assumptions made, the stirred reactor modelling approach is able 
to capture the trends of emissions (with changing boundary conditions) even 
though there are discrepancies in the absolute values. This suggests that the 
stirred reactor model is a useful tool during the preliminary design phase to 
quantify the impact of changes in boundary conditions/design parameters on 
changes in NOX emissions.  
ii 
An additional assessment was performed to assess the sizing requirements for 
the RQL combustor design to meet the certification criteria for altitude relight at 
10,000m. The results highlight and assess the combustor design requirements 
for a successful relight at 10,000m. The minimum reference area required and a 
reference diameter for a “pessimistic” θ parameter curve and an “optimistic” θ 
parameter curve is analysed respectively.  
To the author’s best knowledge the application of a stirred reactor modelling 
approach to compute NOX emissions of an RQL combustor has not been done 
before and is therefore the contribution to knowledge of this research. 
 Keywords:  
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1 INTRODUCTION  
1.1 Project Context 
The world has witnessed a drastic techno-economic development in the last 
century due to which transport, trade and logistics have improved the lifestyle of 
the public. The Aviation industry has transformed the way of travelling across 
globe. Now it is more economic, comfortable and accessible to travel. 
Unfortunately, this revolution in aviation has brought various environmental 
issues; gaseous emissions and noise nuisance. These gaseous emissions 
disrupt the eco-system normal operating process. In addition to the CO2 
released by in-flight jet engines, aviation industry also contributes to 
greenhouse gas emissions from ground airport vehicles and transport used by 
passengers and staffs to access the airport. While the principal greenhouse gas 
emission from powered aircraft in flight is CO2, other emissions include nitric 
oxide, nitrogen dioxide, water vapour and particulates (soot and sulphate 
particles), sulphur oxides, carbon monoxide, and unburned hydrocarbons 
(UHC).  
These gases have serious implications on the global environment and pose a 
great risk for human health explained in section 2. The NOX (NO and NO2) is a 
major concern; especially around the airports locality, where it can create ozone 
gas which is harmful to the wellbeing. Moreover, aviation is the only reason for 
high altitude cruise NOX which plays a major role in the ozone layer depletion in 
the stratosphere [1]. Depletion of ozone layer allows the solar Ultra-Violet (UV) 
rays to penetrate the Earth leading to skin related diseases. 
Contribution of civil aviation to global greenhouse emissions has been 
estimated at around 2% by the International Civil Aviation Organisation (ICAO). 
According to the 2010 ICAO Environmental report, air travel is growing at an 
average rate of 4.8% per year and it is expected to increase further [2]. The 
Advisory Council for Aeronautical Research in Europe (ACARE) which is a 
European advisory body in a public-private partnership between the European 
Commission, aviation industry leaders and academia has established ambitious 
 2 
goals in flightpath 2050 to reduce CO2 emissions by 75% per passenger 
kilometre, NOX emissions by 90% per passenger kilometre and to reduce 
perceived noise by 65% by 2050 [3] [4]. 
The ICAO has been taking continuous efforts to regulate the aircraft emissions 
by formulating stringent policies on emission reduction. Therefore, aviation 
industry is looking ways to reduce the emissions not only due to its global 
climatic impact and health hazard, but to meet stringent emission standards set 
up by ICAO, CAEP & ACARE.  
In case of stationary gas turbines, emission regulations tends to vary from one 
country to another due to different legislations which is supplemented by local 
or site-specific regulations and ordinances governing the size and usage of the 
plant under consideration and the type of fuel used [5]. The NOx emission for 
stationary gas turbines engines in the USA is regulated by EPA (United States 
Environmental Protection Agency), more details may be found in [6]. The 
emissions of UHC, particulate matter, and SOx are negligibly small for the large 
number of gas turbine engines burning natural gas. Therefore, most of the drive 
towards more stringent regulations for stationary gas turbines has been directed 
at NOx. In the United States, the Environmental Protection Agency (EPA) has 
promulgated emissions standards [7], which depend on the engine’s input 
energy and intended use (utility or industrial). On July 6th 2006, the EPA 
proposed, the NOx limits for stationary gas turbines as:  
 42 ppmv below 3 MW, 25 ppmv (3–110 MW) and 15 ppmv (above 110 
MW) for new electricity-producing turbine-firing natural gas 
 The NOx limits for new electricity-producing turbines firing fuels other 
than natural gas are: 96 ppmv below 3 MW (4000 HP); 74 ppmv (3–110 
MW); and 42 ppmv (above 110 MW).  
A new amendment rule was proposed by the EPA on 29th August 2012 for 
stationary gas turbines engine combustion. These amendments were proposed 
to amend the NOx emissions standard for stationary combustion turbines that 
burn multiple fuels. The detailed description about the amendments are 
mentioned by the EPA federal register [8]. One of the programs to move 
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towards greener energy generation is SunShot energy storage solutions project 
under the Sustainable and Holistic Integration of Energy Storage and Solar PV 
(SHINES) program which develops and demonstrates integrated photovoltaic 
(PV) and energy storage solutions that are scalable, secure, reliable, and cost-
effective [9]. This is the first funding program as shown in Figure 1-1 within the 
Department of Energy focusing exclusively on connecting renewable power to 
storage.  
 
Figure 1-1 SunShot Project [9] 
The formation of pollutants during combustion depends on various parameters 
such as inlet pressure, temperature, combustor geometry, airflow, and fuel 
distribution inside the combustor [5]. The formation rate of NOX increases with 
ﬂame temperature, peaking at air-fuel ratios close to stoichiometric [10].  
In particular, requirement for the larger aircraft to carry more passengers with 
lower fuel cost has led the aviation industries in moving to the higher bypass 
ratio engine designs. As, the bypass ratio of large turbofans increases, the 
resulting power requirements of the larger fan mandate increases requiring 
more energy to be extracted from the low-pressure turbine. This typically leads 
to higher pressures, combustion temperatures, and therefore higher NOX 
production. In fact, the increase in total aviation NOX emissions has grown 
rapidly than total fuel consumption over the last few decades because of the 
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higher pressure ratios (and therefore combustion temperatures) demanded by 
the more fuel-efficient high-bypass-ratio engines [11]. 
Therefore, in order to minimize the NOX emission in the combustor, the time 
spent in the high flame temperature region must be minimized. Novel 
combustor design concepts limits the temperature, varies the mass flow 
distribution in different zones, and resident time in order to reduce the overall 
NOX emission below the current ICAO legislation levels. As, novel low emission 
combustors show a promising way to curb down the aircraft emissions and 
compliance with the stringent regulations, this research focuses on the novel 
combustor designs concept and the suitability of a NOX emission prediction 
method for an aircraft engine.  
This section leads to the following research questions that this study aims at 
answering:- 
 What are novel emission combustor designs which can be adopted for 
aircraft engines to comply with the ICAO legislation and which is more 
suitable for this study? 
 Which emission prediction method is suitable for modelling the NOX 
formation in the novel combustor design and why? 
 Are the developed model’s NOX predictions, verified with the public 
domain test rig data? 
 How sensitive is the developed model for the combustor input 
parameters such as temperature, pressure, fuel/air flow and geometry? 
 Is the novel combustor suitable for flying in an altitude re-lighting 
conditions? 
 Can the developed NOX prediction model be robust for alternative fuels? 
 
1.2 Project Objectives 
Based on the research questions, following objectives of the doctoral research 
are derived and mentioned below:  
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 Selection of a method to predict NOX emission for novel aero engine 
combustors. 
 Development of a novel low emission combustor model using the 
selected prediction method to predict NOX.  
 Verification of the NOX emission predictions model with the test rig data 
available in public domain. 
 Assessment of the novel combustor design suitability for flying in an 
altitude re-lighting conditions. 
 In order to check the robustness of the model for alternative fuel, addition 
of four types of liquid natural shale gas fuel in the model. 
1.3 Novel Aspects  
The novel aspect of this research involves the development of a NOX emission 
prediction model using stirred reactor modelling approach for an RQL 
combustor. The geometry of the RQL combustor and the model constraints 
were assumed from a NASA test rig experiment and the stirred reactor NOX 
emission prediction model developed is verified using this test data. Sensitivity 
study of the developed model is performed by varying inlet air in various zones 
to assess the effects on NOX emissions in the developed RQL model. An 
additional assessment is performed to assess the sizing requirements for the 
RQL combustor design to meet the certification criteria for altitude relight at 
10,000m. 
1.4 Methodology 
In order to achieve all the thesis objectives, a research methodology has been 
followed. First, a literature review is performed on all the NOx emission 
prediction method available for gas turbine engines. Therefore, empirical, semi-
empirical correlation, CFD and stirred reactor method has been researched to 
find the viable method for this study. Then, the stirred rector model is selected 
based on the criteria such as computational speed, time taken to execute, 
flexibility in adapting to different aircraft models present at Cranfield University. 
In the second step, engine models are selected based on public domain data 
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availability to calculate the engine performance in the TURBOMATCH in-house 
Cranfield University engine performance software.  
In the third step, output from the engine performance model such as combustor 
inlet temperature, pressure, fuel flow and mass flow is introduced in the 
developed RQL model, based on stirred reactor approach to predict NOX. In the 
fourth step, the NOX prediction results from RQL emission prediction model is 
verified with the NASA RQL test rig experiment [12]. Finally, a detailed case 
study is performed on sizing and altitude relight capability of RQL combustor 
using the test rig RQL combustor geometry as a baseline. 
The novelty of the methodology lies in the use of the reactor based model 
instead of a correlation method or CFD method for RQL NOX emissions 
prediction. Furthermore, the verification of an RQL model based on the stirred 
reactor method with the NASA test rig experiment has been performed for the 
first time in RQL combustion research. 
 
1.5 Thesis Structure 
The first part of chapter 2 provides an overview of the mechanism involved in 
formation of the pollutants and their impact on environment. The second part 
described the ICAO regulations and NOX emissions standards for aircraft 
certifications. The third part covered different methods used in the industry to 
predict emissions from a jet engine combustor and research conducted on the 
novel combustor design to reduce emissions. Finally, after identifying the gap in 
the literature, the last part presented the reasoning for choosing the stirred 
reactor method in predicting NOX emissions of a gas turbine RQL combustor. 
Chapter 3 describes in detail the development of the emission prediction model 
“Hephaestus” for RQL combustor using stirred reactor approach. Second part of 
the chapter explains the developed RQL combustor model’s assumptions and 
constraints in developing the model. The result output from the model and the 
verification with a NASA test rig experiment is covered in the 4th chapter. The 
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later part covered the sensitivity analysis of the RQL model for NOX prediction 
by varying the various input parameters of the combustor. 
Furthermore, the last part of the chapter four critiqued the NASA RQL 
combustor suitability for aircraft integration, and the basic criterion for altitude 
re-light capability of the RQL combustor is analysed. Then required sizing 
suggestions for a RQL combustor to satisfy the altitude re-light capability is 
discussed in the last part of the chapter.  
The chapter 5 concludes with the discussion and further recommendation of 
work to be continued after this study.  
The list of published papers from outcome of this study is mentioned in the 
appendix A. The Appendix B shows the input file for the developed RQL model 
with all the input parameters such as, pressures, temperature, fuel flow, air 
mass flow rate and the geometry of the combustor. 
Additionally, in order to investigate the robustness of the emission prediction 
model to accommodate alternative fuels, Appendix C describes the modelling of 
four types of natural shale gas fuels in the emission prediction tool and their 
NOX predictions for conventional combustor. 
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2 LITERATURE REVIEW 
The first part of this chapter describes the mechanism of NOX formation and its 
effects on environment and human health. The second part of the chapter gives 
an overview of the ICAO regulations and emissions standards for aircraft 
certification. The third part of this chapter covers the different methods used in 
the aviation industry to reduce NOX emission from a jet engine combustor and 
research conducted on the various novel low NOX combustor designs. Finally, 
at the end of the chapter, problem definition and challenges associated with the 
chosen novel low NOX combustor design are provided. 
2.1 Introduction 
In spite of much advancement in fuel-efficient and less polluting turbofan and 
turboprop engines, the rapid growth of air travel in recent years has contributed 
to an increase in total emissions. According to the ICAO, the contribution of civil 
aircraft to global greenhouse emissions has been estimated at around 2%. The 
Committee on Aviation Environmental Protection (CAEP), which assists ICAO in 
the formulation of new policies on aircraft noise and emissions, has presented a 
number of policies in the last decade in order to curb down the aviation 
emissions. Due to these emission regulations, the aviation industry is looking 
into the ways to cut down its global emission imprints. 
The next section gives an insight into the various aviation pollutants form during 
combustion and its environmental & human health impacts. 
2.2 Emissions from the Aircraft 
2.2.1 Introduction 
Main greenhouse gases which result in significant increase in global warming 
are carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), chloro-fluoro-
carbons (CFCs) and also troposphere ozone (O3). Apart from producing CO2 as 
the principal greenhouse gas pollutant from an aircraft, it emits; nitric oxide & 
nitrogen dioxide together known as Oxides of Nitrogen (NOX), water vapour 
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(H2O) , particulates (soot and sulphate particles), sulphur oxides, carbon 
monoxide (CO), and unburned hydrocarbons (UHC).  
Carbon dioxide and water vapour are not considered as the pollutants because 
they are usual by products of complete combustion of a hydrocarbon fuel. 
However, both contribute to global warming and only way to reduce their 
production is by burning less fuel. Thus, improvement in engine thermal 
efficiency not only reduces operating costs but carbon dioxide and water vapour 
pollutants as well. Section 2.3 explains how engine efficiency impacts on aircraft 
emission. 
Pollutant formation during combustion reaction is dependent on different 
parameters such as flame temperature, residence time, atomisation of the fuel, 
fuel-air homogeneity and combustor design. Figure 2-1 shows the principal 
pollutants formed during aircraft combustion. 
 
 
Figure 2-1: Emissions from the Aircrafts [13] 
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The pollutants emitted from an aircraft are mentioned below: 
 Carbon dioxide (CO2)  
 Water vapour (H2O) 
 Carbon Monoxide (CO) 
 Unburned hydrocarbon (UHC) 
 Oxides of sulphur (SOX)  
 Smoke 
 Oxides of Nitrogen (NOX) 
These pollutants are the gaseous emissions from the aircraft which have direct 
or in-direct impact on human health and environment. Figure 2-2 shows the gas 
turbine engine emissions characteristics for different engine power settings. 
 
Figure 2-2: Emission characteristics of gas turbine engines [5] 
 
2.2.2 Carbon Dioxide CO2 
The increase in burning of fossil fuels has severe implication on increase in the 
amount of CO2 in the atmosphere. Although, methane, nitrous oxide, ozone, 
also contribute to global warming but, carbon dioxide is primarily responsible for 
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the rise of the Earth’s temperature by trapping heat radiated from the Earth. 
Carbon dioxide has a long atmospheric lifetime, therefore exerting a larger 
overall warming influence than all of the other heat-trapping gases combined. 
According to ICAO, the contribution of civil aircraft to global greenhouse 
emissions is around 2%. The carbon dioxide is the natural by-product when 
hydro-carbon fuel is burned during jet engine combustion. The only way to 
reduce CO2 is by burning less fuel. In the last couple of decades, innovation 
and technology advancement in aviation sector has helped to fuel efficient jet 
engines tend to produce less carbon dioxide. 
2.2.3 Water vapour (H2O) 
Water vapour plays a pivotal role as a greenhouse gas. Similar to CO2, water 
vapour is also a natural by-product of hydro-carbon fuel combustion. Aircraft 
engine at high altitude produces water vapours, under certain atmospheric 
conditions and condenses into droplets to form condensation trails, or contrails. 
Contrails are visible line clouds that form in cold, humid atmospheres and are 
thought to have a global warming effect though less significant than CO2 
emissions effects. Contrails are extremely rare from lower-altitude aircraft, or 
from propeller-driven aircraft or rotorcraft [14] . 
Cirrus clouds have been observed to develop after the persistent formation of 
contrails and have been found to have a global warming effect over-and-above 
that of contrail formation alone. There is a degree of scientific uncertainty about 
the contribution of contrail and cirrus cloud formation to global warming and 
attempts to estimate aviation's overall climate change contribution do not tend 
to include its effects on cirrus cloud enhancement. 
2.2.4 Carbon Monoxide (CO) 
Carbon monoxide is colourless, odourless, and tasteless, but it is highly toxic 
and if inhaled, can be hazardous to one’s life. It reduces the capacity of blood to 
absorb oxygen and if taken in high amounts, it can cause asphyxiation and 
eventually death [5]. Incomplete combustion in the jet engine produces carbon 
mono-oxide (CO).  
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The main reason for incomplete combustion is lower reaction temperature, 
pressure, inhomogeneous mixing of fuel and air in the combustor, the mean 
drop size of the spray, and chilling of combustion gases near wall from liner wall 
cooling air.  
The Figure 2-3 shows, carbon mono-oxide decreases as temperature increases 
because carbon mono-oxide oxidises in an exothermic reaction to form carbon 
di-oxide. But, after 1900 K there is a rise in carbon mono-oxide production, 
which is due to the fact that carbon di-oxide goes into endothermic reaction to 
form carbon mono-oxide. As, this reaction is endothermic, it takes heat from the 
system therefore reducing the combustion efficiency. Therefore, careful 
combustor designing is done in order for the temperature to lie within the 
required reaction limit for the carbon monoxide to convert into carbon di-oxide 
and not vice-versa. 
Carbon monoxide is part of the series of cycles of chemical reactions that form 
photo-chemical smog. Along with aldehydes (R-CHO), it reacts photo-
chemically to produce hydro-peroxyl radicals (HO2) [15]. A hydro-peroxyl radical 
subsequently oxidizes nitrogen oxide (NO) to nitrogen dioxide (NO2). This 
creation of NO2 is the critical step leading to low level ozone formation around 
airport vicinity. Simplified, reaction equation of the ozone formation from CO is 
given below: 
CO + 2O2 ⇌ CO2 + O3 
Ozone gas (O3), or trioxygen is a triatomic molecule, consists of three oxygen 
atoms. It is an allotrope of oxygen which is much less stable than the diatomic 
allotrope (O2). Ozone formed in the airport vicinity is an air pollutant with 
harmful effects on the respiratory systems for inhabitants and if inhaled can 
cause bronchitis, asthma and heart attack [16]. 
2.2.5 Unburned Hydrocarbons (UHC) 
UHC contains the fuel droplets or vapours that didn’t burn completely during the 
combustion process. It is mainly formed due to bigger fuel droplet sizes and due 
to poor atomization, inadequate burning rate, the chilling effect or combination 
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of many. UHC is also toxic and hazardous for human health. Formation of UHC 
also signifies wastage of unburned fuel which is uneconomical for the aviation. 
Generally those factors that influences CO emissions also influences UHC 
emissions and in much the same manner. 
2.2.6 The oxides of sulphur (SOX) 
It is formed due to burning of fuels with traces of sulphur which sometimes is 
added in order to increase the lubricity of the fuel. The sulphur in fuel reacts 
with air in combustion to form SOX which is highly toxic and corrosive in nature. 
It causes acid rain, which reacts with the calcium present in walls of heritage 
monuments, disfiguring the architecture of the building. Inhaling sulphur dioxide 
can increase respiratory diseases and can cause death. 
2.2.7 Smoke 
Smoke is produced by soot or carbon particles formed in fuel rich regions in 
combustor which also causes coking of the fuel injector. Its formation depends 
on the characteristics of the fuel i.e. viscosity and volatility. The drop size plays 
a major part in production of smoke, so if the quality of atomization is non-
uniform then the smoke will be generated, which is also toxic and can cause 
asphyxiation. Soot is mostly carbon particles and it can damage the combustor 
liner, due to its high heat radiative property which further increases 
maintenance cost and eventually reduces life expectancy of the engine.  
2.2.8 Oxides of Nitrogen (NOX) 
Generally, most of the nitric oxide (NO) formed during combustion process 
inside gas turbine engine subsequently oxidizes into NO2. Therefore, usually 
NO and NO2 are lump together to express the results in terms of oxides of 
Nitrogen (NOX). NOX is pollutant from aero engine exhausts which plays a major 
role in disturbing the atmospheric ozone concentration.  
NOX is responsible for low level ozone formation near airport area which is 
toxic. If inhaled may lead to many respiratory illness, impaired vision, 
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headaches and, allergies. The reaction mechanism of ozone formation [5; 14; 
17; 18] at lower level is explained below:- 
𝑁𝑂2
ℎ𝑣
→ 𝑁𝑂 + 𝑂,  2-1 
𝑂 + 𝑂2 ⇌ 𝑂3 2-2 
Similarly, NOX emission emitted by aircraft at high altitudes can deplete the 
ozone layer. The reaction mechanism of ozone` layer depletion at stratosphere 
is mentioned below:- 
𝑁𝑂 + 𝑂3 ⇌ 𝑁𝑂2 + 𝑂2  2-3 
𝑁𝑂2 + 𝑂 ⇌ 𝑁𝑂 + 𝑂2  2-4 
It is clear from the above equation that the NO is liberated again after the 
reaction which then further reacts with ozone to form more oxygen.  
Ozone forms a protective layer across the Earth which stops solar ultraviolet 
(UV) radiation. Therefore, depletion of ozone will allow increase in penetration 
of the UV rays which will further increase the chances of skin cancer among 
humans. The International Civil Aviation Organisation (ICAO) has set up landing 
and take-off cycle (LTO) NOX emission standard for an aircraft and it’s making it 
more stringent for future to have a clean atmosphere. The stationary gas turbine  
It is produced by different mechanism described later on in the section 2.5. 
Furthermore, the factors which play a pivotal role in NOX formation during 
combustion are; degree of uniformity/non-uniformity of the fuel distribution 
within the combustor, flame temperature, pressure, residence time and fuel 
atomisation. Non-uniform fuel distribution creates small pockets of fuel which 
burns in a diffusion mode at near stoichiometric fuel/air ratios, giving rise to 
many local high temperature regions in which NOX forms in considerable 
quantities. Reduction in mean droplet size of fuel hampers the formation of 
envelope flames, so that a larger proportion of total combustion occurs in 
premixed mode thereby producing less NOX.  
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Major part of the NOX is generated in the higher temperature region known as 
thermal NOX described in detail in section 2.5.1. As Figure 2-3 shows, NOX 
formation is exponentially dependent on temperature; an obvious way of 
reducing NOX emissions is by lowering the temperature in the combustion 
primary zone.  
 
Figure 2-3: Effect of Temperature on NOx and CO formation 
One way to reduce the thermal NOX is by introducing additional air but if used in 
excess, it can raise the primary-zone velocity, which has an adverse effect on 
ignition and stability performance. An alternative way to reduce NOX emission is 
to inject water or steam in the primary zone of the combustor. But, this 
technique is not feasible for aircraft engines as carrying large amount of water 
amounts to increase in weight therefore not fuel efficient. On the other hand, 
stationery gas turbine engines have been using water or steam injection in 
order to control NOX emission to the level required by the regulations [19]. As 
described in section 1.1, emission regulations for stationary gas turbines tend to 
vary from one country to another due to different legislations and ordinances 
governing the size and usage of the plant under consideration and the type of 
fuel used. Further details about the legislations formulated by the EPA for 
stationary gas turbine are described in [6-8]. 
The stringent regulations by ICAO described in section 2.4 for the aviation NOX 
in landing and take-off cycle can be fulfilled by carrying just enough water for 
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injection in the LTO cycle. Though there are various penalties of water injection 
in combustor such as; higher capital cost for treating the water before injection, 
potential corrosion leads to higher maintenance cost, increase in CO & UHC 
emissions, and increase in combustion pressure pulsation [5]. These drawbacks 
of water and steam injection have encouraged the development of the “Dry low- 
NOX” (DLN) combustors described in section 2.9 so that it can meet the 
emission goals without having to resort to water injection. 
 
Figure 2-4: Effect of residence time on NOX [20] 
Combustor residence time influences the production of NOX emissions; as 
residence time increases NOX increases except for very lean mixtures where 
equivalence ratio is less than 0.4, for which rate of formation is so low that it 
becomes independent of time [5; 20].  Figure 2-4 shows the NOX emission 
dependence on the residence time. It clearly shows in Figure 2-4 that for very 
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lean-premixed combustors where equivalence ratio is less than 0.5, NOX 
formation is independent of the residence time. 
2.3 Effect of Engine Efficiencies on NOX formation  
𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝜂𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑣𝑒 × 𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 2-5 
Where,  𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙= Overall efficiency 
𝜂𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑣𝑒= Propulsive efficiency 
𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙= Thermal efficiency 
The overall efficiency is defined as the efficiency with which the energy in the 
fuel is usefully employed in propelling the aircraft and consists of the product of 
the thermal efficiency and the propulsive efficiency of the engine as shown in 
equation 2-5. Whereas the propulsive efficiency is the proportion of the 
mechanical energy actually used to propel the aircraft. Lastly, the thermal 
efficiency is defined as; the ability of an engine to convert chemical energy of 
the fuel into mechanical work. For a typical aircraft, overall efficiency ranges 
between 20 to 40%. 
 
Figure 2-5 Overall efficiency of different aircrafts [21] 
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As from Figure 2-5, overall efficiency can be improved by increasing the jet 
engine exhaust velocity or by increasing the by-pass ratio. In order to improve 
the overall efficiency, there was a constant effort by engine manufacturers to 
increase the bypass ratio (BPR) (equation 2-6 ) of the engine for the last 40 
years as it is economically viable option to save fuel cost.  
𝐵𝑃𝑅 =
𝑊𝐵
𝑊𝑐
 
2-6 
Where, 𝑊𝐵=Bypass mass flow rate and 𝑊𝑐= Core mass flow rate 
Moreover, increase in BPR reduces specific fuel consumption and thus higher 
bypass engines reduces CO2 and H2O. However, NOx formation rates rises as 
a result of higher combustor inlet air pressures and temperatures, explained as 
under. 
As per the jet engine thrust equation [22] given by 2-7 :- 
Nett Thrust (FN) = Gross Thrust (FG) – Momentum Drag (FD) 
𝐹𝑁 = 𝑊𝑉𝐽 + 𝐴𝑛(𝑝𝑛 − 𝑝0) −𝑊𝑉0 
 
2-7 
Where, Gross Thrust (FG) = 𝑊𝑉𝐽 + 𝐴𝑛(𝑝𝑛 − 𝑝0) 
    𝑊= Mass flow rate 
    𝑉𝐽= Jet Velocity 
    𝐴𝑛= Nozzle area 
    𝑝𝑛= Nozzle Exit Static Pressure 
    𝑝0=Air Static Pressure 
 
Momentum Drag (FD) = 𝑊𝑉0 
    𝑉0= Inlet air velocity 
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Engine BPR shown in Figure 2-6 can be increased by two methods: 
I. Reducing the engine core size and keeping the fan diameter 
casing constant 
II. Or by keeping the engine core size constant and increasing the 
diameter of the bypass fan  
In order to increase BPR, the first method is not practical to use, as it decreases 
compressor efficiency which reduces the combustor inlet pressure leading to 
combustion instability. The second method is the only viable method without 
compromising the compressor efficiency of the engine. 
 
Figure 2-6: Difference between Low BPR and High BPR [23] 
As the BPR increases, the fan casing diameter of the engine increases; 
therefore the bypass air mass flow rate increases, leading to increase in FD in 
equation 2-7. Furthermore, with the increase in BPR, more work is needed to be 
extracted from the turbine to rotate the fan, thereby increasing the TET and 
hence the NOX. 
Whereas, the thermal efficiency defined as; the ability of an engine to convert 
chemical energy of the fuel into mechanical work and is given by equation 2-8 
[24]:- 
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𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝑝𝑜𝑤𝑒𝑟 𝑡𝑜 𝑡ℎ𝑒 𝑔𝑎𝑠 𝑠𝑡𝑟𝑒𝑎𝑚
𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡 𝑟𝑎𝑡𝑒
 
2-8 
In order to increase the thermal efficiency of the engine, useful work has to 
increase thus increasing the TET or fuel flow needs to be lower for the same 
useful work. The increase in thermal efficiency can be achieved by higher 
pressure ratios across the compressor with constant fuel flow. Therefore, 
moving towards higher pressure ratios would be an economically viable solution 
for the engine manufactures to achieve higher TETs, which implies higher 
combustor inlet temperature. As, NOX is a function of temperature and 
pressure, it increases as overall pressure ratio (OPR) increases for the engine. 
Therefore, it shows how changes in efficiencies of the engine may contribute 
towards higher NOX emissions in the combustor. 
Now, the next section describes the ICAO objectives and the ICAO regulations 
for landing and take-off cycle for an aircraft. 
2.4 International Civil Aviation Organisation regulation 
2.4.1 ICAO Aims and Objectives 
The aims and objectives of ICAO [25] are to develop the principles and 
techniques of international civil air navigation and to foster the planning and 
development of international air transport so as to: 
 Ensure the growth of international civil aviation throughout the world 
safely and orderly 
 Encourage the art of aircraft design and operation 
 Encourage the development of airways, airports and air navigation 
facilities 
 Meet the need for safe, regular, efficient and economical air transport 
 Prevent waste caused by unreasonable competition 
 Ensure the rights of contracting states are fully respected 
 Avoid discrimination between contacting states 
 Promote the safety of flight in international aviation 
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 Generally promote all aspect of international civil aeronautics 
The Committee on Aviation Environmental Protection (CAEP) is a technical 
committee of ICAO council established in 1983, superseding the Committee on 
Aircraft Noise (CAN) and the committee on Aircraft Engine Emissions (CAEE). 
CAEP assists the Council in formulating new policies and adopting new 
Standards and Recommended Practices (SARPs) related to aircraft noise and 
emissions, and more generally to aviation environmental impact.  
CAEP undertakes studies as and when requested by the ICAO. Its scope of 
activities encompasses noise, air quality and basket of measures today 
considered for reducing international aviation CO2 emissions, including aircraft 
technology, operations improvement, market-based measure and alternative 
fuels. The ICAO reviews and adopts CAEP recommendations, including 
amendments to SARPs and in turn reports to ICAO Assembly where the main 
policies on environmental protection are ultimately defined [25]. 
 CAEP meets every three years to report on the civil aviation and to recommend 
changes in the emission policies to be accepted by the states. In its 8th meeting 
held in 2010, it has recommended more stringent NOX emission standards of up 
to 15 % on large engines and 5 to15 % on small engines certified after 31st 
December 2013. 
2.4.2 ICAO Engine Emission Standards 
In order to reduce the impact of aircraft emissions on environment, CAEP meets 
every three years to set up and review policy and emission standards by 
continually formatting and updating emission standards. The principal results 
arising from the work of the CAEP meetings is the development of the ICAO 
Standards and Recommended Practices (SARPs) on engine emissions and 
related guidance material and technical documentation. These SARPs aim to 
address potential adverse effects of air pollutants on Local Air Quality (LAQ), 
primarily pertaining to human health and welfare. Among other issues, these 
provisions address: liquid fuel venting, smoke, and the main gaseous exhaust 
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emissions from jet engines, namely; hydrocarbons (HC), oxides of nitrogen 
(NOx), and carbon monoxide (CO) [25]. 
Main concern about the LAQ is in the vicinity of an airport which is the hub for 
all the aircraft flying and out of any city. Therefore, ICAO emission standards 
focuses on the aircraft engine emissions released below 3,000 feet and 
emissions from airport sources, such as airport traffic, ground service 
equipment, and de-icing operations. The current ICAO standards for emissions 
certification of aircraft engines state that to achieve certification, it must be 
demonstrated that the characteristic emissions of the engine type for HC, CO, 
NOX and smoke are below the limits defined by ICAO. The certification process 
is based on the Landing Take-off (LTO) cycle, as shown in Figure 2-8. The LTO 
cycle has four modes of operation, involving a thrust setting and a time-in mode 
as shown in Table 2-1.  
Table 2-1: Standard LTO cycles in terms of thrust settings and time spent in 
operating mode [26] 
Operating Mode Thrust Setting 
(% of maximum sea level static thrust) 
Time-in Mode 
(Min) 
Take-off 100 0.7 
Climb-out 85 2.2 
Approach 30 4.0 
Taxi/ground idle 7 26.0 
The engine certification process is performed on a test bed where the engine 
runs at each thrust setting to generate the data for each of the modes of 
operation. The result of the engine emissions certification test includes: fuel flow 
(kg/s), emissions index for each gaseous pollutant (g/kg), and the measured 
smoke number. All of these data are stored in the publically available ICAO 
emissions databank [27]. 
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Figure 2-7: Illustration of ICAO Emissions Certification Procedure in the LTO 
Cycle [26] 
2.4.3 ICAO NOX Emission Standard 
The Standard for NOX was first adopted in 1981, and then made more stringent 
based on the recommendations of four CAEP meetings in 1993 (CAEP/2), 1999 
(CAEP/4), 2005 (CAEP/6) and 2011 (CAEP/8) [25]. In addition, in 2011 a NOX 
production cut-off requirement was adopted stating that individual engines 
produced on or after 1st January 2013 have to comply with the previous 2005 
(CAEP/6) NOX Standard. Together, these two measures will help to ensure that 
the most efficient NOX reduction technologies are being employed in the 
production of aircraft engines [25].  
Technological innovations in aviation continue to lead the way towards effective 
and efficient measures in support of ICAO’s environmental goals of limiting or 
reducing the impact of aircraft emissions on LAQ. To complement the standard-
setting process, CAEP developed, with the assistance of a panel of 
independent experts, medium and long-term NOx technology goals (10 and 20 
years, respectively). Figure 2-8 depicts the graphical representation of the 
CAEP LTO NOX cycle limits from 1981 up until in 2010 which was last time 
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CAEP conducted a NOX technology review including the mid-term and long 
term goals to be achieved.  
 
Figure 2-8: CAEP LTO Cycle Limits 
Figure 2-8 shows emission standard set by CAEP for small to large size jet 
engines. The graph is between NOX characteristics verses overall pressure ratio 
of an aircraft jet engine. DP/F00 represents the total NOX emissions for the 
engine during the landing/take-off (LTO) cycle divided by the engine take-off 
thrust at sea level static, and is a parameter used for emissions regulation.  
These ICAO certification limits apply only to newly certificated types and with 
industry standard production lives of 15+ years for most aircraft types coupled 
with the even longer in-service lives of 30+ years for passenger aircraft and 
about 45 years for freight types, total fleet NOx is slow to respond to a change 
in the stringency of the NOX standard. The incorporation within these ICAO 
standards of a slope against OPR was in response to the characteristic for the 
mass of NOx emitted to increase along with increasing OPR and temperature.  
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These higher pressures and temperatures have been used in a drive to improve 
fuel and thermal efficiency of the engine. As most of the aero-engines at that 
time were designed with OPR of greater than thirty in order to curb down the 
fuel consumption and carbon dioxide emissions, it was decided at CAEP 
meeting to give a leeway to aircraft manufactures on that occasion by relaxing 
for the NOX emissions. Hence in the Figure 2-8, there is a kink in CAEP/6 & 
CAEP/8 NOX characteristics after the overall pressure ratio (OPR) of thirty. 
Nevertheless, CAEP/8 meeting proposed medium and long term goals with 
stringent NOx characteristics guidelines without giving any leeway to the engine 
manufactures even for overall pressure ratios greater than thirty to emit less 
NOX emissions by 2030 [26] and hence no kink in the later future goals.  
The ICAO legislation focuses mainly on the LTO cycle emissions whereas most 
NOX are emitted in the cruise for higher bypass ratio engines, the ICAO may 
propose stringent legislations even for the cruise NOX in the future.  
Therefore, this has led to widespread research on reducing the NOX emissions 
for the jet engine and the governmental funding bodies have started to pour 
money on research in order to reduce the emission footprint of aviation on 
environment.  
In Europe, Clean Sky was born in 2008 with a funding of €1.8 billion with public 
private partnership between the European Commission and the industry 
partners from aviation industry and multiple universities across Europe with its 
mission to develop breakthrough technologies to significantly increase the 
environmental performances of airplanes and air transport; resulting in less 
noisy and more fuel efficient aircraft [28]. Cranfield University is also one of the 
partner universities in the clean sky project and is contributing through Techno-
economic Environmental and Risk Analysis (TERA) framework; more detail can 
be found from references [29-33] . 
The next section describes the NOX emission formation during the combustion 
process of an aircraft engine.  
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2.5 Mechanism of NOX formation  
Nitrogen oxides (NOX) are pollutant emissions which form during the 
hydrocarbon fuel combustion process in gas turbine engines. The primary 
nitrogen oxides generated from combustion systems are nitric oxide (NO), 
nitrogen dioxide (NO2), and nitrous oxide (N2O). The combination of NO and 
NO2 is generally referred to as NOX. Nitrogen oxides are a primary air pollutant 
linked to photochemical smog, acid rain, tropospheric ozone, ozone layer 
depletion, and global warming [34]. According to the journal “Atmospheric 
Environment”, aviation cruise NOX plays a vital role in perturbation of Ozone 
layer at stratosphere [18]. 
There are mainly five major ways of NOX formation;  
1) Thermal NOX 
2) Prompt NOX 
3) N2O route to form NOX 
4) NNH route to form NOX 
5) Fuel Bound Nitrogen (FBN) route 
2.5.1 Thermal NOX 
Thermal NOX forms when the atmospheric nitrogen present in the air enters the 
combustion chamber and due to the high flame temperature, it oxidises with the 
oxygen present in the air. This is an endothermic chemical reaction which 
occurs when temperature exceeds 1850K. The set of reaction proposed by 
Zeldovich also known as Zeldovich mechanism [35] is detailed below:- 
𝑂2 ⇌ 2𝑂 2-9 
𝑁2 + 𝑂 ⇌ 𝑁𝑂 + 𝑁 2-10 
𝑁 + 𝑂2 ⇌ 𝑁𝑂 + 𝑂 2-11 
𝑁 + 𝑂𝐻 ⇌ 𝑁𝑂 + 𝐻 2-12 
Nitrogen Oxide (NO) is produced when nitrogen reacts with oxygen atoms via 
reaction 2-10 at high temperature (>1800K). This reaction initiates a chain of 
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chemical kinetics process in reaction 2-11 & 2-12, where molecular nitrogen 
formed at 2-10, reacts with atmospheric oxygen (𝑂2) and (𝑂𝐻) to form nitrogen 
oxide and 𝑂 and 𝐻 free radical. As, the concentration of atomic oxygen in the 
flame front is largely an exponential function of temperature, NO formation via 
the Zeldovich mechanism has a similar relationship with flame temperature. 
Therefore, as shown in Figure 2-3, as the flame temperature increases, the NOX 
increases exponentially due to post flame thermal NOX production.  
The rate of production of NOX via the Zeldovich mechanism can be estimated 
through the equilibrium concentration of oxygen in the post-flame zone below 
mentioned in equation 2-13 by Bowman [36]:- 
(
𝑑[𝑁𝑂]
𝑑𝑡
) = 6 ∗ 1016𝑇𝑒𝑞
−0.5 exp (−
69,090
𝑇𝑒𝑞
) [𝑂2]𝑒𝑞
0.5[𝑁2]𝑒𝑞 [
𝑚𝑜𝑙𝑒𝑠
𝑐𝑚3𝑠𝑒𝑐
] 
      2-13 
 
2.5.2 N2O route  
An alternative way of NO formation is by the N2O route. The reaction 
mechanism via N2O is described below:- 
𝑁2 + 𝑂 ⇌ 𝑁2𝑂 2-14 
𝑁2𝑂 + 𝑂 ⇌ 𝑁𝑂 + 𝑁𝑂 2-15 
𝑁2𝑂 + 𝐻 ⇌ 𝑁𝑂 + 𝑁𝐻 2-16 
However, 𝑁2𝑂 can react with alternative way given as under:- 
𝑁2𝑂 + 𝑂 ⇌ 𝑁2 + 𝑂2 2-17 
𝑁2𝑂 + 𝐻 ⇌ 𝑁2 + 𝑂𝐻 2-18 
But, N2O route has less significance at most conditions, except under fuel-lean, 
low-temperature conditions. For gas turbines engines that operate under lean-
premixed conditions at higher pressures, one of the major chemical pathways of 
NO formation is via the N2O route. 
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 The change of NO mass fraction in the gas turbine combustor due to the 
thermal NO and N2O mechanisms can be derived from the reactions 2-10 to 
2-18 [2; 37], assuming that:- 
 Reaction is mixing controlled,  
 O, O2, OH, H and N2 are in equilibrium 
 N is in a steady state.  
The NO mass fraction rate of change is given by equation 2-19 [2; 37]:- 
(
𝑑𝑌𝑁𝑂
𝑑𝑡
) = (
2?̅?𝑁𝑂
𝜌
) (1 − 𝛼2) {
𝑅1
1 + 𝛼𝐾1
+
𝑅6
1 + 𝐾2
} 
2-19 
Where mass fraction of NO is denoted by 𝑌𝑁𝑂, molar weight of NO is?̅?𝑁𝑂, 𝜌 is 
the density, 𝛼 is defined by 𝛼 = [𝑁𝑂]/[𝑁𝑂]𝑒𝑞, R1, R6, K1 and K2 are constants 
defined as follows [37]:- 
R1 = 𝑘1𝑓[𝑁]𝑒𝑞[𝑁𝑂]𝑒𝑞 2-20 
R6 = 𝑘6𝑓[𝑂]𝑒𝑞[𝑁2𝑂]𝑒𝑞 2-21 
 
K1 =
𝑅1
𝑅2 + 𝑅3
 
2-22 
K2 =
𝑅6
𝑅4 + 𝑅5
 
2-23 
Where,  
R2 = 𝑘2𝑓[𝑁]𝑒𝑞[𝑂2]𝑒𝑞 2-24 
R3 = 𝑘3𝑓[𝑁]𝑒𝑞[𝑂𝐻]𝑒𝑞 2-25 
R4 = 𝑘4𝑓[𝐻]𝑒𝑞[𝑁2𝑂]𝑒𝑞 2-26 
R5 = 𝑘5𝑓[𝑂]𝑒𝑞[𝑁2𝑂]𝑒𝑞 2-27 
Where 𝑘1𝑓 to 𝑘6𝑓 are the forward reaction constants and the ([ ])𝑒𝑞 refers to 
the concentration reactants species. 
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2.5.3 Prompt NOX 
Thermal NO and N2O reaction sets were driven by the interaction between 
nitrogen and an O atom, whereas, prompt-NO formation is an attribute of 
hydrocarbon flames in which hydrocarbon radical CH reacts with molecular N2 
[38]. 
Prompt-NO formation was first proposed by Fenmore [39] to explain the nitric 
oxide found in the thin reaction zone close to the burner surface in the 
experimental data obtained from CH4, C2H4, and C3H8 flames. The thermal-NO 
route does not explain this observation because of the lack of atomic oxygen or 
nitrogen at this relatively cold location. The reaction mechanism of prompt-NO 
formation is shown in the respective equations below:- 
𝑁2 + 𝐶𝐻 ⇌ 𝑁𝐶𝑁 + 𝐻 2-28 
𝑁𝐶𝑁 + 𝑂𝐻 ⇌ 𝑁𝑂 + 𝐻𝐶𝑁 2-29 
𝑁𝐶𝑁 + 𝑂 ⇌ 𝑁𝑂 + 𝐶𝑁 2-30 
Additionally, NCN further reacts with H to form N and HCN species that can 
lead to NO formation. 
𝑁𝐶𝑁 + 𝐻 ⇌ 𝐻𝐶𝑁 + 𝑁 2-31 
𝑁2 + 𝐶 ⇌ 𝐶𝑁 + 𝐻 2-32 
The N atoms formed in 2-31 and 2-32 can react with O2 and OH to enhance the 
thermal-NO formation via reactions 2-11 and 2-12. 
As concentration of CH radical is significantly small in the post flame zone, 
prompt-NO doesn’t form in that region. 
The prompt NO can be estimated by a formula based on De Soete [40], which 
is derived by Celis [2; 37]:- 
(
𝑑𝑌𝑁𝑂
𝑑𝑡
) = (
?̅?𝑁𝑂
𝜌
)𝑓𝑝𝑟𝑘𝑝𝑟
′ ([𝑂2]𝑒)
𝑎[𝑁2]𝑒[𝐶2𝐻23] exp (−
36499.507
𝑇
) 
2-33 
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Where,  
𝑓𝑝𝑟 = 4.75 + 0.0819𝑥 − 23.2∅ + 32∅
2 − 12.2∅3 
 
𝑘𝑝𝑟
′ = 6.4 × 106 (0.0820575 ×
𝑇
𝑃
)
𝑎+1
 
Where a is, 
𝑎 =
{
 
 
 
 
1.0                                                𝑋𝑂2 ≤ 4.1 × 10
−3
−3.95 − 0.9𝑙𝑛𝑋𝑂2                       4.1 × 10
−3 < 𝑋𝑂2 ≤ 1.11 × 10
−2
−0.35 − 0.1𝑙𝑛𝑋𝑂2                                    1.11 × 10
−2 < 𝑋𝑂2 < 0.03
0.0                                                             𝑋𝑂2 > 0.03 }
 
 
 
 
 
 
2.5.4 NNH Route 
It was proposed by Bozzelli and Dean [41] that NNH which is an intermediate 
species formed by the reaction between N2 and an H atom, can react with an O 
atom to produce NO as shown in the reaction 2-34 & 2-35. This route is 
particularly viable at low flame temperatures. Furthermore, super-equilibrium O-
atom concentration at the flame front can also increase the rate of NO formation 
via the NNH route as shown below. 
𝑁2 + 𝐻 ⇌ 𝑁𝑁𝐻 2-34 
𝑁𝑁𝐻 + 𝑂 ⇌ 𝑁𝑂 + 𝑁𝐻 2-35 
As per the experimental observation by Konnov [42], it has been demonstrated 
that NO formation via NNH is of major importance in hydrogen combustion in a 
stirred reactor, even for lean mixtures at 1400–1560 K. 
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2.5.5 Fuel Bound Nitrogen (FBN) 
Fifth way for NOX formation inside the jet engine combustor is when solid and 
liquid fuels which contains chemically bound nitrogen example; coal, biomass, 
heavy fuels combines with oxygen during combustion. Dagaut [43] has listed 
fuel-bound nitrogen contents in solid fuel. Generally, nitrogen contents in 
distillate fuels range from 0 to 0.65 wt. percent [36]. 
The increase in reaction rate of fuel bound NOX depends on the amount of 
nitrogen contents present in the fuel; this change increases slowly as the flame 
temperature increases. 
The reaction pathway involving the NOX formation with FBN is complex, as it 
depends on the structural bonds of nitrogen with parent molecule. Below is the 
detailed chemical mechanism for NO formation with the reaction of HCN [38; 
43] in FBN:- 
  
𝐻𝐶𝑁 + 𝑂 ⇌ 𝑁𝐶𝑂 + 𝐻 2-36 
𝐻𝐶𝑁 + 𝑂𝐻 ⇌ 𝐶𝑁 + 𝐻2𝑂 2-37 
𝐶𝑁 + 𝑂𝐻 ⇌ 𝑁𝐶𝑂 + 𝐻 2-38 
𝑁𝐶𝑂 + 𝑂 ⇌ 𝑁𝑂 + 𝐶𝑂 2-39 
𝑁𝐶𝑂 + 𝑂𝐻 ⇌ 𝑁𝑂 + 𝐶𝑂 + 𝐻 2-40 
As this research focuses on the aviation light fuel with almost no nitrogen 
present in the fuel, this process is not been taken into account while modelling 
NOX prediction software. 
The next section looks at the different methods that can be used to predict or 
calculate the NOX emissions from a gas turbine engine. 
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2.6 Jet Engine NOx Emission Predictions 
2.6.1 Introduction 
Preliminary combustor design and emissions prediction software tools are 
becoming increasingly important during the conceptual design phase of aero-
engine combustors. They allow a large number of designs to be explored, in a 
relatively short amount of time, thereby identifying the most promising designs 
to consider for further development. According to Shakariyants [44] emission 
models can be divided primarily into three types:- 
 Empirical and Semi-empirical correlation models 
 Physics or reactor based models 
 CFD models 
2.6.2 Correlation Based Methods 
Correlation based emission prediction models are widely used to predict NOX 
and CO for combustors for which experimental data is available in the public 
domain. These models are mainly dependent on experimental data measured 
for particular combustor. They depend on parameters such as combustor 
geometry, design features, operating conditions; fuel type and fuel spray 
characteristics. Furthermore, novel combustor’s geometry and requirement is 
different from a conventional combustor which limits the use of empirical 
correlation to conventional combustors only. Some of the empirical correlations 
have been briefly illustrated here. 
 Lefebvre correlation 2.6.2.1
𝑁𝑂𝑥 = 9 × 10−8 ∗ 𝑃1.25𝑉𝑐 ∗ exp (
(0.001𝑇𝑠𝑡)
?̇?𝐴𝑇𝑝𝑧
) (
𝑔
𝑘𝑔
) 𝑓𝑢𝑒𝑙    
2-41 
All the values of the constant and variables used in Equation 2-41 were obtained 
from analysis of experimental data on NOX emissions from several different 
aero-engine combustors [5; 45]. It is the stoichiometric flame temperature(Tst) 
that determines the formation of NOX and not the average flame temperature in 
the combustion of heterogeneous fuel–air mixtures. However, for the residence 
 33 
time in the combustion zone, which is also significant to NOx formation, the 
appropriate temperature term is the average value(Tpz), as indicated in the 
Equation 2-41. 
𝐶𝑂 = 86?̇?𝐴𝑇𝑝𝑧𝑒𝑥𝑝 − (0.00345𝑇𝑝𝑧)/(𝑉𝑐 − 𝑉𝑒)(
∆𝑃
𝑃
)0.5𝑃0.5
𝑔
𝑘𝑔
𝑓𝑢𝑒𝑙 
2-42 
The formation of CO in the PZ (primary zone) takes longer than the time 
required in producing NOX. Where 𝑉𝑒 is volume employed in fuel evaporation, 
𝑇𝑝𝑧 is average temp throughout the PZ, 𝑉𝑐 is combustor volume, which depends 
on initial mean drop size, that’s why good atomization is important for low CO 
emissions. 
 Rizk and Mongia Correlation 2.6.2.2
 
𝑁𝑂𝑥 = 15.10
14(𝑡 − 0.5𝑡𝑒)
0.5𝑒𝑥𝑝 − (
71,00
𝑇𝑠𝑡
)𝑃−0.05 (
∆𝑃
𝑃
)
−0.5
 
𝑔
𝑘𝑔
𝑓𝑢𝑒𝑙 
2-43 
Here, 𝑡𝑒 accounts for the influence of fuel evaporation on NOX. According to 
equation 2-43, a reduction in mean drop size should increase NOx emissions by 
reducing the time required for fuel evaporation. However, if combustion takes 
place under conditions where the evaporation time is negligibly small in 
comparison with the total combustor residence time, for example, at high 
combustion pressures, NOx emissions can actually go down with a reduction in 
mean drop size [46].  
1 EI (g/kg of fuel) is roughly = 12 ppmv (parts per million by volume) 
 
𝐶𝑂 = 0.18 × 109 exp (
7800
𝑇𝑝𝑧
) /(𝑃2(𝑡 − 0.4𝑡) (
∆𝑃
𝑃
)
0.5
)𝑔/𝑘𝑔 
2-44 
 
This equation [46] shows lower dependence on combustion temperature. It has 
slightly higher dependence on pressure. 
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 Odgers and Kretschmer Correlation 2.6.2.3
 
 
2-45 
Time of NOX formation varies for different atomizers for aircraft combustors. For 
example, 0.8ms (air blast atomizers) and 1.0ms (pressure atomizers) and NOX 
formation times for industrial combustors burning liquid fuels are in range of 1.5 
to 2.0 ms [47]. 
 G. D Lewis correlation 2.6.2.4
 
2-46 
The amount of NOX which forms in lean and homogeneous combustion 
depends on post combustor temperature and pressure according to this 
equation [5]. This correlation has independence of residence time (as relevant 
time is relaxation time instead). It has good prediction of experimental data as 
the residence times of roughly all the aero-engines are few milliseconds. 
 The Boeing Fuel Flow 2 Model 2.6.2.5
The Boeing Fuel Flow 2 (BFF2) model was developed specifically to calculate 
the aircraft emission NOX, CO and UHC. The BFF2 method first establishes 
correlation between emission indexes of gaseous pollutants and fuel flow for the 
corresponding known emission information from ICAO emission databank for 
that engine [44]. BFF2 model is able to calculate emissions at different 
atmospheric conditions such as, temperature, pressure, humidity. This model 
also provides a fuel flow correction factor for the engine for the same. As, the 
ICAO databank emissions data is based on the information from engine 
manufacturer who tests the engines un-mounted, this correction is required. 
This method led the user to calculate emissions at any altitudes for an aircraft 
engine.  
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2.6.2.5.1 Steps to calculate emission using BFF2 method 
This method uses the following equations [48]: 
𝐸𝐼𝐻𝐶 = 𝑅𝐸𝐼𝐻𝐶 (
𝜃𝑎𝑚𝑏
3.3
𝛿𝑎𝑚𝑏
1.02) 
2-47 
𝐸𝐼𝐶𝑂 = 𝑅𝐸𝐼𝐶𝑂 (
𝜃𝑎𝑚𝑏
3.3
𝛿𝑎𝑚𝑏
1.02) 
2-48 
𝐸𝐼𝑁𝑂𝑋 = 𝑅𝐸𝐼𝑁𝑂𝑋 𝑒
𝐻(
𝛿𝑎𝑚𝑏
1.02
𝜃𝑎𝑚𝑏
3.3 )
1
2 
2-49 
Where 𝐻 = −19(𝜔 − 0.0063) 
𝑊ℎ𝑒𝑟𝑒, 𝐻 𝑖𝑠 ℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 𝑎𝑛𝑑 𝜔 𝑖𝑠 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦 𝑔𝑖𝑣𝑒𝑛 𝑏𝑦: 
 
2-50 
𝜔 =
0.62198 𝜑 𝑃𝑣
𝑃𝑎𝑚𝑏 − 0.37802𝜑𝑃𝑣
 
      Where 𝜑 is relative humidity 
      𝑃𝑣 is saturation vapour pressure 
      𝑃𝑎𝑚𝑏 is inlet ambient pressure 
 
2-51 
𝑃𝑣 = (0.014504)10
𝛽  
Where 𝛽 is given by: 
𝛽 = 7.90298 (1 −
373.16
𝑇𝑎𝑚𝑏
) + 3.00571 + 5.02808 log (
373.16
𝑇𝑎𝑚𝑏
)
+ (1.3816 × 10−7) [1 − 1011.344 (1 −
373.16
𝑇𝑎𝑚𝑏
)]
+ (8.1328 × 10−3) [103.49149 (1 −
373.16
𝑇𝑎𝑚𝑏
) − 1] 
2-52 
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Where EI, REI is Emission index and reference emission index in g/kg, H is the 
factor accounting for the moisture content in air. δ and, Θ are ratios between 
free stream and ISA sea level static pressures and temperatures, given below: 
𝛿𝑎𝑚𝑏 =
𝑃𝑎𝑚𝑏
101325
 and 𝜃𝑎𝑚𝑏 =
𝑇𝑎𝑚𝑏
288.15
 
2-53 
Step 1: 
The correction factor for the fuel flow on four ICAO points are shown in Table 
2-2 from [48] 
Table 2-2: Fuel Flow correction factor 
ICAO Point Take-Off Climb-Out Approach Idle 
Correction Factor 1.010 1.013 1.020 1.100 
Step 2: 
After step 1, once the corrections are done, the emission indices (EI) are plotted 
against the corrected fuel flows on log scale as shown in Figure 2-9.  
 
 
Figure 2-9: Log Ref. EINOx vs Log Ref Fuel Flow- point to point fitting method 
The data points are curve fitted to show trends of EI for different fuel flows. 
There are two approaches possible, either defining a single best fit equation for 
the whole set of points or defining an equation between each ICAO reference 
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point (called point to point fitting) leading to the creation of 3 equations. The 
latter option is said to lead to more accurate results. Each method is illustrated 
in Figure 2-9. 
Step 3: Fuel Flow Factor 
The fuel flow factor, Wff is given by: 
𝑊𝑓𝑓 =
𝑊𝑓
𝛿𝑎𝑚𝑏
𝜃𝑎𝑚𝑏
3.8 𝑒0.2𝑀
2
 
2-54 
Where M = Mach number. 
Step 4: Compute EI 
The new emission indices are calculated by the equations 2-47, 2-48, 2-49, and 
2-50: 
Where REIHC, REICO, REINOX, = intersection of corresponding curves and Wff. 
 P3T3 Method 2.6.2.6
The P3T3 method [49; 50] classifies as a semi-empirical method as it is based 
on engine condition parameters such as pressure and temperature at 
combustor inlet instead of just the fuel flow like BFF2. As a consequence, this 
method is considered more advanced compared to BFF2. The similarity 
between P3T3 and BFF2 method is the use of the ICAO emissions databank as 
the reference emissions index to start with.  
The principle of the method is to plot the EINOX at ground level (GL) against the 
combustor inlet temperature (T3GL) for the four ICAO emission points. Two 
other plots are also initially constructed for the ground level reference, that is, 
the combustor inlet pressure (P3GL) against combustor inlet temperature and 
the overall fuel-air ratio (FARGL) against the combustor inlet temperature. 
Temperature and pressure at the combustor inlet and the fuel-air ratio at ground 
level are not information given by the ICAO emissions databank and thus need 
to be computed by engine simulation software. The level of accuracy of this 
simulation software will therefore have a significant impact on the accuracy of 
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the P3T3 method. For each plot, similarly to the BFF2 method, a second order 
polynomial fit is obtained. One main difference compared to BFF2 method is 
that the plots are not in a log-log scale. 
Once the three plots and the three equations are set, it is possible to compute 
the NOX at altitude using Equation 2-55. 
EIN𝑂𝑋𝐴𝐿𝑇 = 𝐸𝐼𝑁𝑂𝑋𝐺𝐿(
𝑃𝐴𝐿𝑇
𝑃𝐺𝐿
)𝑛(
𝐹𝐴𝑅𝐴𝐿𝑇
𝐹𝐴𝑅𝐺𝐿
)𝑚 exp(𝐻) 
2-55 
In order to use equation 2-55, it is necessary to know the engine condition at 
altitude (using the engine model). The parameters are pressure (P3ALT) and 
temperature (T3ALT) at combustor inlet and overall fuel-air ratio (FARALT) at 
altitude.  
𝐸𝐼𝑁𝑂𝑋𝐺𝐿, 𝑃𝐺𝐿, and 𝐹𝐴𝑅𝐺𝐿 are interpolated using their respective polynomial 
equations given T3ALT. 𝑃𝐴𝐿𝑇 and 𝐹𝐴𝑅𝐴𝐿𝑇 are directly taken from the engine 
model.  
Finally, similar to the BFF2 method, the humidity correction factor (H) is added 
to take into account of NOX at altitude for the calculation of the emission indices. 
The disadvantage of this method is that it needs proprietary information of an 
engine like P3, T3, FAR at reference conditions, and the engine-speciﬁc 
exponents. It is observed from [50] that pressure exponent n of 0.4 and FAR 
exponent m of zero are the best ones to use if the engine-speciﬁc exponents 
are not known in the equation 2-55. 
2.6.3 Stirred Reactor Based Model 
The process of combustion inside a gas turbine engine constitutes of chemical 
kinematics reaction, turbulent mixing and evaporation. These processes happen 
simultaneously, in a real time, in a three dimensional aspects with a transfer of 
air/fuel, mass and energy. The most simplified approach to account for such a 
complex process is by using partial differential equations to solve for mass, 
energy and momentum conservation.  
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The stirred reactor method assumes finite rate chemistry inside the combustor 
using simplified chemical kinetic models. The basic concept of the reactor-
based method is to split the combustor into a number of reactors to compute the 
overall emissions. The stirred reactor method breaks down the combustor into a 
number of smaller regions and calculates, within each reactor, the production or 
elimination of pollutants of interest [2]. According to [51; 52], stirred reactor or 
physics based model is of two types:-  
Single reactor models: Such models treat the engine combustor as a single 
thermochemical reactor characterized by averaged performance parameters 
based on the inlet properties and overall equivalence ratio. Emission production 
is then related to those parameters. Alternatively, only the primary zone can be 
considered instead of the whole combustion chamber. Depending on the 
available information, it would be characterized by mean adiabatic ﬂame 
temperature, equivalence ratio, residence time, etc. The downside of using 
single reactor model is; it can average out the various parameters, therefore, 
not capturing the micro level chemical kinematics inside the combustors.  
Multi reactor models: This model simulates engine combustor as a network of 
thermochemical reactors standing for combustor zones, either combination of or 
part(s) thereof. Herein, the geometry and performance variables are either 
calculated with simpliﬁed ﬂow solutions and correlations or assumed on the 
basis of engineering judgement and generic knowledge. Emission formation is 
simulated in the model reactors with either empirical or simpliﬁed kinetic 
algorithms. Multi-reactor model is preferred over the single reactor model 
because it can capture the chemical kinematics within the combustor fairly well. 
The physics based approach constitutes a compromise between empirical 
correlations and CFD calculations. It has some desired features of both of them, 
whereas at the same time it avoids main disadvantages of empirical 
correlations; which doesn’t include all the complex processes that take place 
inside the combustor and it is based on the specific combustor test rig 
experiment results. 
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Furthermore, in order to predict emission for the novel combustors, 
experimental data and the combustor geometry in most cases are in the 
preliminary stages of research. So, it is not readily available in public domain. 
Due to the absence of experimental data, it is not possible to calculate emission 
using empirical correlation methods.  
As it is described in [37], the stirred reactor theory is based on the turbulent 
chemical mixing of compounds within the designated combustor area rather 
than on the minute details of spatially-varying velocities and turbulence fields 
within a combustor [53]. So, two modes of continuous flow mixing is defined as: 
(1) ‘stream mixing’, which occurs between fuel and air streams, and is required 
to achieve local flammable mixture proportions; (2) ‘Backmixing’ is achieved for 
partially or wholly burned gases to mix with fresh reactants to self-sustain 
ignition. Backmixing is represented by stirred reactors.  
There are three generic reactor models which were utilised in this study, they 
are; reactor model consists of perfectly-stirred reactors (PSR), reactor model 
consists of partially-stirred reactors (PaSR), and lastly a reactor model consists 
of series of perfectly-stirred reactors (PSRs). They are described in the next 
section.  
 Perfectly-Stirred Reactor (PSR) 2.6.3.1
The perfectly stirred reactor (PSR) is a backmixing process which is assumed to 
be infinitely fast and homogeneous. But, PSR approach on its own is not 
suitable for gas turbine combustors [53], as it does not represent the 
macroscopic in-homogeneities in the chemical kinetics of the combustor. In 
PSR approach, two streams enter the combustor; one is the air or combustion 
gas products with specific temperature, pressure, mass flow and the second is 
fuel stream. Series of Perfectly-Stirred Reactors (PSRS) Model 
 Series of Perfectly-Stirred Reactors (PSRS) Model 2.6.3.2
Hammond and Mellor [54; 55] during the early 1970s proposed and developed 
this type reactor. The idea is to place number of perfectly stirred reactors in 
series to discretise the air and fuel mixture in that region. The number of series 
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of reactors is user-defined and depends on the level discretisation required in 
the volume of any particular combustor region. Generally, the number of 
reactors is increased until the emission output is independent of the number of 
perfectly stirred reactors. 
 Partially-Stirred Reactor (PaSR) Model 2.6.3.3
The PSR approach is not a very appropriate model to be used wholly because it 
does not represent macro-level in-homogeneities inside the combustor. 
Therefore, a partially-stirred reactor (PaSR) model was developed by Fletcher 
and Heywood [56]  that can statistically describe the variations in gas 
composition, temperature and residence time, which influences the rate of 
pollutant formation, especially NOX in the primary zone. However, only gross 
flow at the reactor exit is predicted. 
2.6.4 CFD Modelling 
The third method which is used to study the fundamental combustion process 
and heat transfer inside the jet engine combustors is CFD modelling. Currently, 
engine manufacturers use CFD simulation to design and predict the emission 
characteristics of novel jet engine combustors before testing it experimentally in 
a rig. This is a powerful method with abilities to predict emission fairly well for a 
well-defined combustor. 
Firstly, the flow properties of the modelling combustor are obtained and then it 
can be modelled in 2D or 3D. Generally, it is preferred by engine manufactures 
to use 3D combustor model for the combustor. It requires detailed 3D 
combustor geometry to calculate the chemical kinetics mechanism for 
combustion. Therefore, it divides the combustor into grids with millions of 
nodes, so that, it can capture the chemical kinetics well [57].  
As, some information such as pressure and temperature is critical for emission 
estimation in the flow, CFD solver includes energy terms when resolving the 
Navier-Stokes equations. It applies the chemical kinetic relationships of 
emission at each node of the model. For example, in order to predict NOX 
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emission, the NOX formation equation using Zeldovich and prompt NOX 
mechanisms can be used described in section 2.5. 
CFD simulation also requires extensive validation. In case of modelling existing 
combustors technology, the results can be validated with the empirical/semi-
empirical correlation method and ICAO data which is available in public domain 
[58]. Whereas, it is difficult to get the geometry information of a novel combustor 
design for CFD simulation because data in public domain is not made readily 
available by engine manufactures.  
Zhang [59] carried out a CFD study of NOx emission for a model aircraft engine 
combustor. The NOx formation was modelled by the concept of post-
processing, which resolves the NOx transport equation with the assumption of 
stationary temperature distribution inside the combustor. The test rig studied in 
this paper was called low emission stirred swirl (LESS) combustor, a two-stage 
model combustor, fuelled with liquid kerosene and designed by Beihang 
University (BUAA). The main stage of LESS combustor employs the principle of 
lean pre-mixed and pre-vaporized (LPP) concept to reduce pollutant, and the 
pilot stage depends on a diffusion flame for flame stabilization. Numerical 
prediction of NOx emission showed a good agreement with test data at both idle 
condition and full power condition of LESS combustor. The computational time 
for CFD calculation was 10 hours for 1.0 million grid and 16 hours for a 2.5 
million grid for that LESS combustor. 
Further details about the NOx formation in a combustor using CFD based 
modelling has been carried out in some papers mentioned in [57; 59-66].  
Cranfield University has a trajectory optimisation tool which estimates best 
possible fuel efficient and low emission trajectory for an aircraft. The stirred 
reactor NOX emission prediction model is aimed to be integrated with the 
trajectory optimisation framework to compute an optimised trajectory for lowest 
NOX emissions for an aircraft.  
As, the stirred reactor modelling approach provides a reasonably good 
compromise with respect to computational time and robustness relative to 
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correlation and CFD based methods. Therefore, after careful consideration, 
stirred reactor approach is selected for the development of the NOX emission 
prediction model for the novel combustor. 
The next section briefly describes the background of the gas turbine combustor 
and discusses the combustor sizing concept. 
2.7 Gas Turbine Combustor Background  
The combustor is the component in the gas turbine engine where fuel is added 
to the high pressure air entering from the compressor to subsequently burn. 
Figure 2-10, shows combustion chambers in its simplest form. 
 
Figure 2-10: Derivation of the conventional combustor configuration [5] 
Figure 2-10(a) shows the simplest form of combustor; a straight duct connecting 
the compressor with turbine. But, this very simple arrangement is not suitable to 
use as the pressure losses would be excessive.  
In order to reduce this pressure loss to an acceptable level, a diffuser can be 
used to lower the air velocity, as shown in Figure 2-10(b). After, the diffuser is 
installed, a flow reversal is necessary to be created to provide low-velocity 
region to anchor the flame and this is shown by installing a baffle in Figure 
2-10(c). But, still this arrangement is not suitable as, in order to produce the 
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desired temperature rise, the overall chamber air/fuel ratio is required to be in a 
range of flammability limits. 
The combustion is sustained by a re-circulatory flow of burned products that can 
provide a continuous source of ignition for the incoming fuel/air mixture. The air 
which is not required for combustion is admitted downstream of the combustor 
zone to mix with the hot burned products, to reduce the temperature to a value 
which is acceptable to the turbine as shown in Figure 2-10(d). 
Therefore, Figure 2-10, illustrates the logical development of the conventional 
gas turbine combustion chamber in its most widely used form. There are many 
variations on the basic pattern, but, generally, all chambers incorporate an air 
casing, diffuser, liner, cooling holes and fuel injector as key components of a 
combustor as shown in Figure 2-11. 
 
Figure 2-11: A Conventional Combustor layout [5] 
2.7.1 Combustor Performance Requirements 
A combustor must satisfy a wide range of performance requirements whose 
relative importance may vary depending on the engine type and specific 
application. The basic requirements are stated below: 
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 Pollutant Emissions: The pollutant emissions of a combustor should be 
minimal. Pollutants are particulates, NOx, CO, UHC, Soot, Smoke or 
SOX, generated in the combustion process. Emissions of these products 
are legally limited for civil aero-engines by the ICAO regulations as 
explained in section 2.4. 
 
 Pressure Drop: The pressure loss inside the combustor can be 
segregated in terms as cold loss and hot loss or fundamental loss. The 
cold loss consists of pre-combustor diffuser losses and liner loses. It is 
almost 3% pressure loss across the nozzle guide vane leading edge for 
film cooling. Overall pressure loss in the combustor is in the range of 4-
5%. There is always a pressure loss associated with heat release and 
whenever there is addition of heat there is a reduction in density which 
results in an increase in velocity (mass flow continuity) and this requires 
a pressure loss for the momentum change [81]. Therefore, in order to 
allow maximum performance of the gas turbine, the pressure drop within 
the combustor is required to be minimal. However, for proper mixing of 
the burning gases within the combustor and to drive the cooling flow of 
the nozzle guide vanes (NGV), some pressure drop is required. So, a 
compromise has to be made between an acceptable pressure drop level 
and combustion performance. 
 
 Wall cooling flow: The wall cooling flow is taken from the liner flow and 
dipping it, is beneficial as it provides extra dilution air which can be burnt 
downstream of combustor to either operate leaner thereby reducing NOX 
and CO or to generate better exit temperature profile for turbine. 
 
 Ignition: Reliable and smooth ignition is required, both on the ground 
(especially at very low ambient temperatures) and, in the case of aircraft 
engines flameout, at high altitude. 
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 Efficiency: Very high combustion efficiency close to 100% is required to 
convert all the chemical energy into heat. This is an important factor to 
minimize the specific fuel consumption of the aircraft engine. 
 
 Stability Limits: The combustor should be able to operate within wide 
ranges of pressure, air/fuel ratios (AFR), velocities; covering the whole 
operating range of the gas turbine including windmilling and relight. 
 
 Temperature Distribution: The combustor is required to provide outlet 
temperature distribution that is tailored to maximize the lives of the 
turbine blades and nozzle guide vanes. 
 
 Cost: It is required that the combustors are designed for maximum 
performance with minimum cost associated with it along with ease of 
manufacturing. 
 
 Durability: The life of a combustor has to be compatible with that of the 
aircraft engine and the intervals between compulsory repairs required 
should be maximal. It should not be having any life limiting component 
which requires a complete overhaul. Size and shape has to be 
compatible with the engine envelope and to have multi-fuel capability 
based on petroleum, synthetic, and biomass. 
Size and weight are more important considerations especially for aircraft 
engines, whereas for industrial engines more emphasis is placed on long 
operating life and multi-fuel capability. Low fuel consumption and low pollutant 
emissions are paramount for all types of engines. 
The next section gives an insight into the basic constraints posed to a 
combustor during design phase. 
2.7.2 Gas Turbine Constraints on Combustor 
The gas turbine imposes constraints on the combustor due to its size, shape, 
technology and operating conditions.  
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The constraints are in terms of: 
 Mass Flow: The operating conditions of a gas turbine engine require a 
wide range of mass-flow rates. The combustor has to be designed in 
order for it to work efficiently throughout the whole mass-flow range. 
 
 Length: The shaft connecting compressor and turbine design limits of 
torsion and vibrations, poses a restriction in having longer combustor. 
This length constraint has an important effect on the shape of the 
combustor.  
 
 Turbine Entry Temperature (TET) T4: The design of the turbine (material 
used, blade cooling technique) limits the combustor exit temperature and 
is fixed by the cycle requirement. As, the gases exiting the combustor are 
directly fed to the turbine therefore the temperature of those gases must 
meet the required turbine entry temperature. 
 
 Exit Temperature Traverse: In order to aid turbine to reach its expected 
life, it needs to be given a defined temperature profile. The temperature 
profile is generated within the combustor by the non-perfect mixing of the 
cold cooling flow with the hot core. The combustor temperature traverse 
needs to be close to the optimal temperature profile limited by the turbine 
cooling capability and stress profile to achieve maximum turbine life. 
 
 Combustor Inlet Pressure P3: The gas turbine engine experiences a wide 
range of operating pressure. Therefore, the combustor has to be 
designed to work efficiently within this whole range of pressures. 
Especially, for re-lighting condition at very high altitude where the 
pressure is at its lowest and ignition is difficult. 
 
 Combustor Inlet Temperature T3: The engine pressure ratio of the 
compressor and inlet air temperature defines the combustor inlet 
temperature. It varies with the operating pressure. So, the inlet 
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temperature is high at the highest pressure ratio. It has an effect on the 
fuel burn as well. The increase in combustor inlet temperature has a 
significant effect on the cooling performance and pollutant emissions 
because; the inlet compressor delivery air which is used as cooling flow 
is hotter. 
 
The next section explains the functionalities of a typical conventional 
combustor. 
2.7.3 Conventional Combustor 
The choice of a combustor type and layout is determined by the overall engine 
design and the need to utilize the available space as effective as possible. 
There are three types of combustor as illustrated in Figure 2-12  
 
Figure 2-12: Depiction of combustor types [5] 
A tubular (or “can”) combustor shown in Figure 2-12 comprised of a cylindrical 
liner mounted concentrically inside a cylindrical casing. Almost all the early jet 
engines, such as the Whittle W2B, Jumo 004, and the RR Nene, Dart, and 
Derwent, featured tubular combustors, usually in numbers varying from 6 to 16 
per engine [5]. Weight issue and length is the main disadvantage of tubular 
combustor which prohibited it to be used in aircraft engines  
A tubo-annular or can-annular combustor is a group of tubular liners, usually 
from 6 to 10, when arranged inside a single annular casing, as illustrated in 
Figure 2-12. This concept combines the compactness of the annular chamber 
with the mechanical strength of the tubular chamber. 
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When an annular liner is mounted concentrically inside an annular casing it is 
known as annular combustor illustrated in Figure 2-12. In many ways it is an 
ideal form of chamber, because of its clean aerodynamic layout which results in 
a compact unit of lower pressure loss than other combustor types. Its main 
drawback is from the heavy buckling load on the outer liner [5].  
Most of the gas turbines manufactured in Europe use tubular or single-can 
combustors as these combustors have a simple design and a long life and can 
be up to 3m in diameter and 12m high.[67]. These combustors are easy to 
maintain and their temperature distribution is better than single-can combustors 
and hence lower emissions. They can be a straight-through or reverse-flow 
design. Most industrial gas turbines use the reverse-flow types. Due to the 
larger surface areas they require more cooling air compared to the annular 
combustor. Thus, annular combustors are popular in high-temperature 
applications e.g. Aircraft engines. However, the maintenance of annular 
combustors is relatively more difficult, and their temperature and flow profiles 
are less favourable than tubo- annular combustors. Due to high temperature 
applications in annular combustor and less flexibility in fuel, these combustor 
tends to produce more NOx compered to tubular or tubo-annular combustors. 
Figure 2-13 shows the main components of a typical conventional combustor. 
The Combustion zone is divided into three zones; primary, intermediate and 
dilution zones respectively as shown in Figure 2-12. 
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Figure 2-13: Main components of a conventional combustor [5] 
The main role of primary zone of the combustor is to anchor the flame and 
provide sufficient temperature, time, and turbulence to achieve complete 
combustion of the air/fuel mixture. The creation of a toroidal flow reversal in 
primary zone entrains and recirculates a portion of the hot combustion gases to 
provide continuous ignition to the incoming air and fuel.  
The temperature in the primary zone reaches more than 2000K which leads to 
dissociation reaction of CO2 to CO and formation of hydrogen H2 gases. If these 
gases pass directly to the dilution zone and rapidly cooled by the addition of 
cooling air, the gas composition would froze leading to exhausts of unburnt CO 
which signifies combustion inefficiency. Hence, intermediate zone is required to 
drop the temperature to an intermediate level by addition of some air 
encouraging in the oxidation of CO, soot and UHC; thus enhancing the 
combustor efficiency. 
The role of the dilution zone is to allow the remaining air after the combustion 
and wall-cooling requirements to provide an outlet stream with a temperature 
distribution that is acceptable to the turbine design. This temperature 
distribution is usually described in terms of “pattern factor” or “temperature 
traverse quality” [5]. Generally, 20-40% of total combustor air-flow enters the 
dilution zone.  
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2.7.4 Combustion Efficiency 
Combustion efficiency is defined as the ratio of heat released in combustion to 
total heat supplied in the system given by equation 2-56 [5].  
𝜂𝑐 =
ℎ𝑒𝑎𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑖𝑛 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 
ℎ𝑒𝑎𝑡 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑
 
2-56 
Combustion efficiency depends on airflow rate, evaporation rate, mixing rate 
and reaction rate of the combustion given by equation 2-57 [5]. 
𝜂𝑐 = 𝑓(𝑎𝑖𝑟𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒)
−1(
1
𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
+
1
𝑚𝑖𝑥𝑖𝑛𝑔 𝑟𝑎𝑡𝑒
+
1
𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
)−1 
2-57 
The maximum rate of heat release under any given operating conditions are 
governed by evaporation, mixing, or chemical reaction rate in a combustion 
systems but rarely by all three at the same time. 
This study concentrates on the aero engine combustor where high combustion 
efficiency (~100 %) is governed by the reaction rate controlled system. 
Therefore, it is assumed to have infinitesimally fast evaporation and mixing of 
fuel in the combustor. So, the equation 2-57 can be rewritten as equation 2-58 
given by: 
𝜂𝑐 = 𝑓(𝑎𝑖𝑟𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒)
−1(
1
𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
)−1 
2-58 
According to Lefebvre’s [68], reaction rate controlled combustion efficiency can 
be defined by equation 2-59. This led to equation 2-60, which is known as 𝜃 
parameter and used to define the combustor designing. As, 𝜃 parameter 
depends on the combustor inlet size, pressure, temperature and mass flow, it 
helps in designing novel combustors. Thus, reduces the initial rig test 
experimental cost for testing novel combustor design ideas [5]. 
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𝜂𝑐 = 𝑓(𝜃) = 𝑓 [
𝑃3
1.75𝐴𝑟𝑒𝑓𝐷𝑟𝑒𝑓
0.75𝑒𝑥𝑝 (
𝑇3
300)
?̇?𝐴
] 
2-59 
Where,  
𝜃 = [
𝑃3
1.75𝐴𝑟𝑒𝑓𝐷𝑟𝑒𝑓
0.75𝑒𝑥𝑝 (
𝑇3
300)
?̇?𝐴
]      
2-60 
Where,  
𝑃3 = Combustor inlet pressure 
𝑇3 = Combustor inlet temperature 
𝐴𝑟𝑒𝑓 = Reference Area of the combustor 
𝐷𝑟𝑒𝑓 = Reference diameter or height of the combustor inlet 
?̇?𝐴 = Air mass flow rate 
 
Figure 2-14: Design chart for a conventional combustor [5] 
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The 𝜃 parameter can be used to design the geometry of a combustor. But, any 
new chamber design must be based to a large extent on previous experiences. 
Figure 2-14 by Lefebvre [5] summarises the past combustion efficiency data 
from all known systems and correlated against all the relevant variables. 
The most demanding operating conditions for all types of engines are at the 
minimum inlet pressure P3 which usually corresponds to the engine windmilling 
for aircraft engines after a flameout at high altitude. 
According to Lefebvre [5] “At flameout in flight, the engine rotational speed falls 
rapidly to its windmilling value. The relight sequence is first to use the ignition 
system to relight the combustor. When this has been accomplished, the next 
step is to accelerate the engine up to its normal rotational speed. This normally 
calls for a minimum combustion efficiency of around 80%”. 
In order to attain the values of Aref and Dref from Figure 2-14, a value of θ is 
selected where the combustion efficiency is 80% at a point along a horizontal 
line within the shaded area, and then substituting into it the values of P3, T3, 
and ?̇?𝐴 corresponding to the engine windmilling at maximum guaranteed relight 
altitude. The selected actual point within the marked area represents a balance 
between the contradictory need of high efficiency combustor, small combustor 
size, and low development cost.  
The Figure 2-15 by Lefebvre [68] shows the influence of primary zone mixture 
strength on shape of the theta curve. Three curves displaying the influence of 
rich, stoichiometric and lean burn primary zones on the theta parameter and 
efficiency are shown in Figure 2-15.  
Both burning velocity and combustion are at maximum with stoichiometric 
mixture that’s why the curve begins to flatten out at about combustion efficiency 
of 80% but, has a steep decline in the left hand curve of the theta due to lower 
combustion efficiency. In case of weak primary zone, the left hand portion of the 
curve starts at a higher value of theta than the stoichiometric mixture and due to 
its lower burning velocity has a shallower slope. 
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Figure 2-15: Influence of primary zone mixture on the theta parameter [68] 
The weaker primary zone path rises to a higher level of efficiency due to the 
lower dissociation loss and at almost 85 % efficiency, terminates fairly in a 
“knee” bend. For rich mixtures, the theta curve starts closer to the origin and 
has a lower initial slope due to relatively low burning velocity. In case of rich 
mixture primary zone, most of the heat release takes place in the secondary 
zone which reduces the distinction between the roles of both and it shows 
clearly in the theta curve which flattens out gradually with increase in theta. 
As per the observation of Lefebvre [68] “The ability of the right hand portion of 
the theta curve to attain hundred percent combustion efficiency depends partly 
on the length of the flame tube but to a greater extent on the amount of air 
employed in the film-cooling the walls”. Unburned or partially burned fuel can be 
entrained in this air and be conveyed along the flame tube from one layer to 
another before being discharged from the combustor. As, the temperature of the 
cooling-air is low, the chemical reaction rates are lower. Thus any unburned fuel 
which is entrained in the mixture will not combust and be wasted. Generally, the 
lower the amount of air employed in the film-cooling, mainly in the primary zone, 
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better is the prospect of achieving hundred percent combustion efficiency at the 
chamber outlet. 
Now, the next section describes the previous work on the emission prediction 
model “Hephaestus” at Cranfield University. 
2.8 Development of “Hephaestus” for Conventional Combustor 
model 
The “Hephaestus” is the mythological name for the “Greek God of Fire” and it is 
given to the in-house gas turbine combustor emission prediction software at 
Cranfield University which has a capability to predict CO, NOX and UHC 
emissions. This model has been coded using the programing language Fortran 
90. This model was first developed by Celis [37] for the emission prediction for a 
conventional combustor and further modified by Pervier [2], specifically for NOX 
prediction. 
 
Figure 2-16: Conventional Combustor interior representations [37] 
The schematic of the conventional combustor interior representation is shown in 
Figure 2-16. It is divided into four zones; Flame-Front (FF), Primary-Zone (PZ), 
Intermediate-Zone (IZ) and Dilution-Zone (DZ) respectively. The air flow in the 
combustor is divided in two parts. One flow is towards the core and the other is 
towards the Near-Wall (NW) region. The model is based on the stirred reactor 
method.  
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Three generic reactors are developed for this approach; perfectly-stirred reactor 
(PSR), a series of perfectly-stirred reactor (PSRS) and partially-stirred reactor 
model and they are explained in section 2.6.3. The arrangement of the reactors 
inside the conventional combustor developed by Celis [37] is shown in Figure 
2-17.  As it is illustrated from Figure 2-17, configuration of the reactors are 
placed as perfectly stirred reactor (PSR), partially stirred reactor (PaSR) and a 
series of perfectly stirred reactor (PSRs). PSR are assumed to be homogenous 
instantaneous mixture of air and fuel where as PaSR is non-uniform mix of air 
and fuel. PSRs are the series of many small PSR in the combustor chamber. 
 
Figure 2-17: Multi-reactor model for conventional model by Celis [37] 
From Figure 2-17, “F” is the fluid flow in the different reactors given by F1, F2, 
F3, F4 and F5. Here F1 is the fraction of fuel reaching the Near-Wall mixing 
zone at Flame Front (NW FF) modelled with PSR and the rest in the FF core, 
F2 is the proportion of the swirler and dome air that goes into the PaSR reactor 
at Flame Front (FF), F3 is the fraction of the burning gases admitted into the 
second Near-Wall PSRS reactor at Primary Zone (NW PZ), F4 is the fraction of 
air initially assigned for primary zone entering the NW PZ PSRS reactor and F5 
is the fraction of air initially assigned to the intermediate zone that goes into the 
Near-Wall PSRS reactor of intermediate zone (NW IZ). Furthermore, rest of the 
air or gas left after entering the NW of the reactor enters the core of the reactor 
for that particular zone.  
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The model developed by Celis [37], underestimated the NOx production at all 
power setting for the CF6-80E1A3 type engine shown in Figure 2-19. The 
reason behind that was not considering the recirculation or residence time 
distribution in the model. This model was later on modified by Pervier [2] with a 
different reactor arrangement as shown in Figure 2-18. The number of reactor is 
reduced to focus on the NOx predictions only. As, the most important zones 
with high temperatures where significant amount of NOx is produced are the 
flame front and the primary zone, emphasis is given to these zones to predict 
NOx emissions.  
Moreover, reducing the number of reactor significantly reduced the 
computational time in the modified model.  
 
Figure 2-18: Arrangements of Reactors in conventional combustor [2] 
Another modification in the model is the amount of fuel that is entering in the 
different reactors. In the Celis model, it was assumed that 100% of the total fuel 
flow is entering in each combustor zone separately. It means, all the fuel which 
is entering the flame front zone split between core and near wall region is again 
entering into the primary zone and then again subsequently in intermediate and  
dilution zone.  
This way of distributing fuel was inaccurate for the combustion in Celis model as 
it assumes the air and fuel reaction to take place multiple times in different 
reactor even downstream of the combustor again in a similar fashion; whereas, 
the actual fuel and air combustion takes place in the flame front zone mainly, 
and to the lesser extent in combustor downstream zones. 
In the modified model it is assumed that 90% of fuel enters and combusts in the 
flame front zone and the rest 10% burns in the primary zone. The other 
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modifications brought to the model comprises of reduction in the number of 
reactors by using a perfectly stirred reactor (PSR) models instead of series of 
perfectly stirred reactors (PSRS) to reduce calculation time. Modifications were 
made in the flame front partially stirred reactor to improve the computational 
speed by calculating the clipped Gaussian elements entirely using FORTRAN 
code instead of calling a Matlab program externally in the original model. 
Furthermore, the CEA program was integrated internally in the model to 
calculate the equilibrium conditions rather calling it externally as in the original 
model. 
 
Figure 2-19: Comparison of both models [2] 
Figure 2-19 shows the comparison of the results for NOx emission for both 
models for CF6-80E1A3 type engine. The ICAO emission points are taken at 
sea level with engine power setting of 100%, 85%, 30% and 7% of engine max 
thrust at sea level. 
Currently, the Hephaestus is able to predict emissions for the conventional 
combustors which can be verified with the ICAO emission databank. The next 
section is going to describe some of the novel gas turbine low NOX emission 
combustor concepts and is assessed according to availability of data and 
suitability to be modelled using stirred reactor method.  
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2.9 Dry Low NOX Emission (DLN) Combustors 
This section describes some of the DLN combustors which can reduce NOX 
emission substantially without water injection and hence the name Dry Low NOX 
combustors. The requirements for DLN combustors are; high system operability 
to achieve stable combustion at all operating conditions, good system response 
to rapid load changes, acceptable levels of combustion noise and, if required 
(stationary gas turbine), capability for switching smoothly from gas to liquid fuel, 
and vice versa.  
Some of the DLN concepts are briefly discussed below. 
2.9.1 Variable Geometry Design 
The variable geometry combustors are designed such that the air flow into the 
combustion chamber can be varied. At high power settings, large quantities of 
air is allowed to the primary zone to reduce its temperature and hence, 
reduction in formation of NOX. Whereas, at lower power settings or with 
reduction in engine power, the large part of air is partially diverted towards 
dilution zone to maintain the temperature in the primary zone thus reducing CO 
and UHC emissions. As, research conducted by several authors, including 
study done by NASA [69-72], variable geometry reduces not only NOX 
drastically but, it improves altitude relight performances because of this air 
distribution capability from primary zone to dilution zone. Figure 2-20 is a 
pictorial representation of a variable geometry combustor. 
 
Figure 2-20: Variable Combustor Geometry [5] 
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The main drawback of this design is its complex control mechanism and the 
complex feeding of air into the zones which tend to increase cost, weight and 
reduce reliability. Furthermore, if the pressure drop across liner is allowed to 
vary too much, then achieving desired temperature pattern in the combustor 
efflux gases could be a problem. The variable geometry combustors have the 
potential of reducing almost all major pollutant without reducing performance 
because of the temperature flexibility within the different flame zones. Also, the 
temperature can be adjusted in such a way that it will never fall below a 
minimum of 1670 K at which chemical reaction rates are relatively high. This 
property enables the combustion zones to be made smaller thus, reducing the 
combustor size leading to cost and weight benefit. Ideally, the variable 
geometry combustors should be used in conjunction with premix-prevaporize 
fuel-injection systems. This avoids the local high-temperature, high NOx-
forming regions, created by the presence of fuel droplets in the combustion 
zone [5]. 
2.9.2 Staged Combustors 
As with variable geometry combustor, the combustor flame temperature is 
controlled within limits by varying air flow from one zone to another with 
changes in engine power settings. Whereas, in staged combustors the airflow 
distribution remains constant, the fuel flow is switched from one zone to another 
in order to maintain the combustor temperature [5]. One of the methods of fuel 
staging is “selective fuel injection”; in this method, fuel is supplied to 
combinations of fuel injectors at different power requirement conditions. The 
idea of this type of technique is to raise the equivalence ratio and hence the 
temperature at localized zones at low-power operation. This approach reduces 
the CO and UHC emissions and extends the lean blowout limit to lower 
equivalence ratios. There are two ways for staged combustion; in “series or 
parallel”. The former combustion is also termed as “Axially Staged” and the 
latter approach is called “Radial Staged”. The next section described both ways 
starting with the Radial staging first.  
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 Radial Staging 2.9.2.1
Figure 2-21 shows the radially staged Dual Annular Combustor (DAC) where 
the combustor domes of the inner and outer stages are arranged radially or 
parallel to each other. The fuel injector tips for both the pilot and main stages 
are amounted on a common feed arm.  
GE DAC is used in GE CFM 56-5B for A320 and A321 aircraft as shown in 
Figure 2-21. The pilot stage is optimized for starting at low power settings and is 
designed to operate lightly loaded and provide the entire temperature rise 
needed at startup, altitude relight, and engine idle conditions. At idle, the 
equivalence ratio of the combustion zone is selected to minimize the emissions 
of CO and UHC. The other annular combustor is specifically designed to 
optimize the combustion process at high-power settings. It features a small, 
highly loaded combustion zone of short residence time and low equivalence 
ratio to minimize the formation of NOX and smoke. 
The main advantage of radial staging is that it allows all the combustion 
performance goals to be achieved, including low emissions, within roughly the 
same overall length as a conventional combustor. This short-length feature is 
attractive from the standpoints of low engine weight and reduced rotor dynamics 
problems [5]. Due to design of combustor, GE has achieved 35% reduction in 
CO and UHC and 45% reduction in NOx emissions for the DAC shown in Figure 
2-21. 
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Figure 2-21: GE Dual Annual Combustor [5] 
This combustor has many drawbacks as well. One basic drawback is that as, 
pilot and main dome are placed parallel to each other, all the zones are in the 
common region of air supply from compressor outlet temperature, so all the 
regions will have same relatively poor lean blow out limit [5]. Furthermore, due 
to fuel staging in parallel, the peaks of the temperature profile could shift in 
radial position, with potential adverse effects on the hot sections downstream of 
the combustor.  
Moreover, in order to aid turbine to reach its expected life, it needs to be given a 
defined temperature profile. The temperature profile is generated within the 
combustor by the non-perfect mixing of the cold cooling flow with the hot core. 
The combustor temperature traverse has to be very close to the optimal 
temperature profile limited by the turbine cooling capability and stress profile to 
achieve maximum turbine life. In case of radially staged combustion, 
temperature profile could be generated in such a way that it has an adverse 
effect on the turbine blade downstream. Radial staging combustors can reduce 
pollutants substantially but on the cost of complex designs and increased 
number of fuel injectors 
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 Axial Staging 2.9.2.2
In axial staging, the secondary stage is situated downstream and it operates at 
lower equivalence ratios to reduce NOx. The primary stage provides heat to 
initiate rapid combustion at maximum power setting. It has wider stability limits 
and high combustion efficiency. But the design increases the length of the 
combustor and requires a separate feeding arm for fuel.  
 
Figure 2-22: Axial staged combustor for P & W V2500-AS engine [5] 
The main combustion zone is supplied with hot air from primary zone at high-
power settings, providing rapid ignition, high combustion efficiency and wider 
stability limits than DAC. Axial fuel staging ensures more uniform radial and 
circumferential temperature distribution which contributes to longer nozzle guide 
vanes life. Nevertheless, this concept is associated with additional length that 
increases overall engine weight. Pratt and Whitney have successfully applied 
the axial staged combustor in P&W V2500-AS engine Figure 2-22 overcoming 
the length penalty problem by shifting the pilot zone inboard. The idea of staged 
combustors has led to a substantial development of liner wall cooling 
techniques as it requires a great amount of air to cool the large liner surface [5]. 
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2.9.3 Catalytic combustors 
The catalysts used in this combustor design oxidizes the fuel at very low 
temperatures and the fuel which is injected upstream of the reactor, vaporizes 
and mixes with the inlet air easily. This mixture brings down the maximum 
temperature by 1000K and reduces NOx drastically. Firstly, fuel air mixture 
passes over catalytic bed or reactor which consists of series of different kind of 
catalysts. Figure 2-23 illustrates the schematic diagram of a catalytic 
combustor. 
 
Figure 2-23: Schematic representation of catalytic combustor [5] 
Ideally the first set of catalysts is highly active at low temperature to oxidize the 
mixture well and subsequently later on, the mixture passes through other types 
of catalysts which are being chosen according to the oxidizing efficiency 
needed. In the end a thermal reactor or catalytic bed increases the temperature 
to the required turbine entry temperature, thus reducing CO & UHC as well. The 
drawback of catalytic combustor is mainly due to the catalytic chemical 
properties. It may auto ignite sometime if the temperature is not coherent, so it 
requires highly stable catalysts at high temperatures. Also, according to 
Lefebvre [5] there is minimum temperature requirement to excite the catalyst; 
otherwise the reaction would not start. Generally, 700K is required minimum for 
catalyst light-off. The other problem is maintenance and durability of the 
material.  
2.9.4 Lean Premix Pre-vaporize combustors (LPP) 
As, NOX increases exponentially as flame temperature increases, in LPP 
combustor the fuel is first premixed with air and pre-vaporized to make a 
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homogeneous mixture before entering the combustion chamber. The catch is to 
operate in an equivalence ratio which is close to lean blow out limit. Figure 2-24 
shows a pictorial representation of GE LPP combustor. 
 
Figure 2-24: GE LPP combustor [5] 
A typical LPP combustor can be divided into three main sections. The first 
section is for fuel injection, fuel vaporization, and fuel–air mixing. Its function is 
to achieve complete evaporation and mixing of fuel and air before combustion. 
It eliminates droplet combustion or formation of small pockets of fuel and 
supplies the combustion zone with homogeneous mixture of low equivalence 
ratio, which process combustion at a uniform low temperature, thereby 
decreasing the amount of NOx formation. The second section stabilizes the 
flame by creating one or more recirculation zones. Combustion is completed in 
this region and the resulting products flow into section three, which comprises a 
conventional dilution zone. This process eliminates local fuel rich zones and 
thus attenuates NOX production.  
One of the advantages of LPP combustion is that it is essentially free from soot 
or carbon formation. Especially when gaseous fuels are used, “lean premixed” 
or “LPM” is more appropriate because evaporation is not required. The absence 
of carbon not only eliminates soot emissions, but also greatly reduces the 
amount of heat transferred to the liner walls by radiation, thereby reducing the 
amount of air needed for liner wall cooling [5]. This is an important property of 
LPP as it means that more air is available for lowering the temperature of the 
combustion zone and improving the combustor temperature pattern factor. 
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The other advantage for this system arrangement is that the flame temperature 
doesn’t exceed 1900 K, and the equivalence ratio is close to lean blowout limit 
which removes the NOX formation dependency on residence time [20]. Thus, 
LPP systems can be designed with long residence times to achieve low CO and 
UHC, while maintaining low NOX levels. This finding is especially significant for 
industrial engines, where size is less important than aero engines. As noted 
above, this approach leads to an LPM combustor volume that is approximately 
twice that of a conventional combustor [73]. 
The main drawback associated to LPP combustor is that; as it requires more 
time for fuel vaporization and fuel-air premixing upstream of the combustion 
zone, this may lead to have auto-ignition at high inlet temperature and pressure 
at high power settings. One way to avoid auto-ignition or flashback is by 
designing the LPP combustor, such that the sum of the fuel evaporation and 
mixing times exceed the auto-ignition delay time. 
Pervier has modeled the LPP combustor in Hephaestus and predicted the NOX 
emission [2]. The LPP combustor drastically reduces the NOX emission, more 
details can be found in [2]. 
2.9.5 Lean Direct Injection Combustor (LDI) 
LDI concept can be an alternative to LPP combustors. As, in the LDI system the 
fuel is injected directly into the flame zone which is different than LPP system 
where fuel is first mixed with the air and vaporized before entering into 
combustion zone. Thus by taking this different approach, LDI as shown in 
Figure 2-25 doesn’t have the potential for auto-ignition or flashback like in LPP 
[74]. It is however important to achieve fine atomization and mixing of fuel-air, 
quickly and uniformly, so that the flame temperature is lower and NOX formation 
is attenuated. Tacina [74] has proposed that the NOX emission from an LDI 
combustor can reach the level as close as LPP combustor.  
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Figure 2-25: Lean Direct Injection Design [75] 
The fuel is directly injected into the combustion zone making the design less 
complex and reducing the risk of flashback. Two concentric, internally staged 
high pressure fuel injectors operating at equivalence ratios close to lean 
blowout limit controls the mixing of air and fuel. Three axial swirlers introduce a 
high turbulence air to the flow and enhance the mixing process in order to 
decay the liquid fuel streams. To anchor the flame and ensure stable operation 
at wide range of power settings a flame stabilizer is located between the two 
first swirlers. 
Another advantage of LDI concept is that it uses a simple plain orifice, fuel 
injector i.e an orifice at the end of the fuel tube. The use of simple fuel injectors 
has the potential of reducing maintenance problems such as clogging and 
coking, especially for the higher operating pressure ratios gas turbine engines 
that operate at higher compressor outlet pressure and temperature [76]. 
2.9.6 Partially Evaporated & Rapid Mixing Combustor (PERM) 
Partially Evaporated and Rapid Mixing injector, developed by Avio Aero, is 
dedicated for regional turbofan engines of OPRs up to 50. The operating 
principle of PERM injection system is to partially evaporate the fuel within the 
inner duct and the rapidly mix in the combustor. Figure 2-26 illustrates a 
schematic of PERM concept. The fuel stream is supplied as a film over the lip 
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that separates two swirled airflows. Once, the fuel layer reaches the edge of the 
lip, primary atomization occurs in a double swirler airblast atomizer. Rapid 
mixing of fine droplets is greatly enhanced by the airflow from two co-rotating 
primary and secondary swirlers located in the centre of primary swirler. Pilot fuel 
injector, generates a pilot flame to support combustion stability at low-power 
settings. The flame generated by PERM injection system can be classified as a 
partially premixed flame. The combustor liners are fitted with novel effusion 
cooling system. Two bleeding sections are positioned downstream of the 
combustor liner to discharge part of the air for a better performance control [75].  
 
Figure 2-26: PERM Combustor [75] 
2.9.7 Twin Annular Premixed Swirl (TAPS) Combustor 
At present, the development of low-emission combustors is based on lean-burn 
technology. General Electric took a lesson from fuel staging in DAC described 
in section 2.9.2.1, and on this basis the Twin Annular Premixed Swirl (TAPS) 
combustor is evolved. It is a single annular combustor with fuel staging within 
the swirler. The TAPS combustor comprises two independent, swirl stabilized, 
annular flames for low- and high-power settings [77]. This concept is illustrated 
in Figure 2-27. TAPS combustor, which is going to be fitted into GEnX engine, 
uses the Ceramic Matrix Composite material for liner walls that significantly 
reduces the cooling air requirements. 
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This air can then be used in a mixer allowing lean burn that reduces the NOx to 
the level of 30% to CAEP/8 standards.  
 
Figure 2-27: Twin Annular Premixed Swirl Combustor [77] 
The pilot fuel is sprayed from the nozzle located in the centre of a larger main 
fuel injector. At start-up and lower-power settings only pilot fuel injector is 
delivered fuel to combustion zone. As the aircraft throttle settings increases in 
order to minimize the smoke production and maintain high combustion 
efficiency, the main fuel injectors are gradually raised the supply of fuel. 
Reaching the full-power performance, all the main injectors are operating at full 
capacity. A margin of 65% to CAEP/6 standards can be achieved for NOx 
formation with the use of this technology.  
2.9.8 Rich-Burn Quick-Quench Lean-Burn combustor (RQL) 
The research on Rich-Burn Quick-Quench Lean-Burn (RQL) combustor concept 
has been in progress since the late 1970s but it was first introduced in 1980 as 
a strategy to reduce NOX emission from gas turbine engines [78]. 
The concept was then further developed by the National Aeronautics and Space 
Administration (NASA) later in the 1990’s, for the reduction of NOX in next 
generation High Speed Civil Transport (HSCT) aero-propulsion engines [79] 
described in the next section. Pratt & Whitney is currently working on the RQL 
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combustor technology in aero engines commercially under the name TALON 
(Technology for Advanced Low NOx) [80].  
As shown from the combustor stability loop Figure 2-28, the RQL combustor 
being a rich initiated combustion has a wider flame stability limit when 
compared to the lean burn combustor designs. Therefore, the RQL combustor 
is preferred over lean premixed options in aero engine applications due to the 
safety considerations and overall stability throughout the duty cycle.  
 
Figure 2-28: Combustor Chamber Stability Loop [81] 
Whereas, in stationary gas turbine applications, lean premixed combustor 
technology is the standard. As safety considerations are not as severe and the 
duty cycle is more constrained, the reduction in NOX emission is more 
substantial in contrast to RQL technology. However, RQL combustor technology 
is of growing interest for stationary applications due to the characteristics of (1) 
more effectively processing fuels with nitrogen contents, and (2) processing 
different types of fuels [82]. Especially, the latter characteristics of RQL is 
gaining importance lately, as the California Energy Commission is engaged 
already in RQL technology research, in cooperation with the U.S. Department of 
Energy, to explore the utility of RQL combustors for applications in the 
stationary electrical power production [82].  
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Figure 2-29: RQL combustor with equivalence ratio shown in zone [82] 
In the RQL design as shown in Figure 2-29, combustion is initiated in the fuel-
rich primary zone operating in the equivalence ratio of 1.2-1.8 and due to the 
combined effects of low temperature and oxygen depletion, the rate of NOX 
formation is lower in the flame front zone.  
Whereas in Conventional combustor design, a continuous admittance of air in 
the primary zone raises both the temperature and oxygen content, thereby 
greatly accelerating the rate of NOX formation as shown in Figure 2-30, the high 
NOX route. If, however, the additional air required to complete the combustion 
process is mixed uniformly and instantaneously with the flame front gases 
without the substantial temperature rise, the combustion process follows the low 
NOX route as shown in Figure 2-30.  
This demonstrates that in order for the rapid and effective quick-quench mixing 
section, its design is of critical importance to the success of the RQL concept.  
After the quick-quenching of gases, the efﬂuent originating from the rich primary 
zone are still high in the concentration of partially oxidized hydrocarbon species, 
hydrogen, and carbon monoxide. As a result, the efﬂuent gases cannot be 
exhausted without further processing. In particular, the addition of oxygen is 
needed to oxidize the high concentrations of carbon monoxide, hydrogen, 
hydrocarbon intermediates. Therefore, a substantial amount of air through wall 
jets enters in the dilution zone to mix with the efﬂuent gases and creates a 
“lean-burn” condition prior to the exit of the combustor. 
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Figure 2-30: Principle of RQL Combustion [5] 
RQL combustor design reduces not only thermal NOX but due to its initial fuel-
rich combustion process, it reduces Fuel Bound Nitrogen (FBN) NOX emission 
by converting large amount of FBN into N2 [83]. Nakata [84] who designed an 
RQL combustor for 150 MW stationary gas turbine engine found that low 
heating value (LHV) fuels with ammonia (NH3) content in it when burned in 
initial fuel-rich stage combustion, can greatly reduce the conversion of NH3 into 
NOX. In that study the RQL combustor’s rich zone was designed with 
equivalence ratio of 1.6 and the test was carried out at atmospheric pressure. 
Test confirmed a wider combustor stability limit with low NOx emissions of up to 
3 ppm for combustor exit temperatures up to 1500°C. 
Once the fuel-rich combustion effluent gases enter into quick-quench zone, they 
encounter jets of air that rapidly reduces the temperature below 1800K reducing 
the NOx formation substantially. As mentioned above, this transition from rich to 
lean zone has to take place quickly to prevent the formation of near-
stoichiometric NOX.  
 73 
The temperature of the lean zone has to be high enough to consume any 
remaining CO, UHC, and soot left from quick-mix section. Thus, the 
equivalence ratio for the lean-burn zone has to be carefully selected to satisfy 
all emissions requirements. Generally, lean-burn combustion occurs at 
equivalence ratios between 0.5 and 0.7 [85].  
After the requirements of combustion and liner-wall cooling have been satisfied, 
remaining air is used in dilution zone to tailor the exit temperature pattern for 
maximum turbine durability. The temperature distribution at the end of the RQL 
would be generally uniform due to the addition of ample air at the dilution zone. 
Rizk & Mongia carried out a 3-D analysis of the RQL combustor concept [86] 
and it was conferred that, in addition to the equivalence ratio, the NOx formation 
depends on the residence time, chemical reaction and mixing rates in each 
zone of the combustor. Furthermore, modification in the quick-mixing 
configuration can extend the range of operation for acceptable NOX levels in 
RQL combustor. 
 Quick-Quench Zone 2.9.8.1
Several studies of jets in crossﬂow have been conducted under non-reacting 
conditions to produce understanding into such ﬂow ﬁeld characteristics such as 
the jet penetration and the ﬂow ﬁeld distributions resulting from jet mixing [87; 
88]. The researches on jets in crossﬂow were motivated by the aerodynamics 
associated with [89]: 
 Vertical and/or short take-off and landing aircrafts (V/STOL)  
 Primary and dilution jets on conventional gas turbine combustors with a 
focus on jet trajectory 
A single round jet entering from the quick-mix orifice in a crossﬂow is presented 
in Figure 2-31. The jet air enters the effluent gases emanating from the rich-
burn region and is deﬂected downstream in response to the momentum of the 
cross ﬂow. A recirculation zone forms in the near-wall region downstream in the 
wake of the jet. The radial extent of jet penetration is directed by the angle of 
the jet relative to the crossﬂow, and the entry momentum of the jet in contrast to 
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the momentum of the crossﬂow. A variety of non-reacting experiments have 
been used to establish empirical correlations for the maximum penetration of a 
single jet [82; 90]. For a single round jet injected into a circular duct, the 
maximum penetration is given by [5]: 
𝑌𝑚𝑎𝑥 = 1.15(𝑑𝑗)(𝐽
0.5) sin 𝜃 2-61 
 
Figure 2-31: Single Jet Flow in Cross-flow in quick-quench section [88] 
Where,  
  𝑌𝑚𝑎𝑥 = Maximum Radial Penetration of the Jet Centreline 
  𝑑𝑗 = Diameter of the Jet Entry Orifice 
  𝜃 = Entry Angle of the Jet to the Crossflow 
  𝐽 = Jet-to-Crossflow Momentum Flux Ratio 
𝐽 =
𝜌𝑗𝑒𝑡𝑠 ∗ 𝑉𝑗𝑒𝑡𝑠
2
𝜌𝑚𝑎𝑖𝑛 ∗ 𝑉𝑚𝑎𝑖𝑛
2 
2-62 
Where,  
  𝜌 = Density 
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  𝑉 = Velocity 
In the gas turbine combustor, the jets are conﬁned within the boundary of its 
walls. Therefore, the interaction between multiple jets is a major factor in 
dictating its mixing behaviour. As a result, studies have been conducted to 
address the mixing behaviour and optimizing the quick-quench section in the 
RQL combustor. For multiple jets in a tubular duct, the correlation for the 
maximum penetration of a single jet must account for the effects of blockage of 
the mass flow given by 2-63[88]. 
𝑌𝑚𝑎𝑥 = 1.25(𝑑𝑗)(𝐽
0.5)𝑀𝑅 2-63 
Where, 
   𝑀𝑅 = Jet-to-Crossflow Mass Flow Ratio 
In the Equation 2-63, MR is much higher for an RQL combustor (2.5) in contrast 
to the conventional combustor (0.25). The biggest difference between the jets in 
conventional and RQL combustors is oriﬁce size for the density and 
momentum-ﬂux ratios J which is same in both conﬁgurations [88]. 
The studies have undertaken to evaluate the oriﬁce shape, number of oriﬁces, 
and operating features such as; momentum ﬂux ratio, density ﬂux ratio, mass 
ﬂow rate ratio with the goal of optimizing the mixing in the quick-mix section of 
RQL. The proposition is that the optimal mixing in the Quick-quench minimizes 
the production of nitrogen oxides in RQL [88].  
A NASA design method developed by Holdeman [87] deﬁned a correlation that 
is used to design the jet mixing section of an RQL combustor utilizing round 
whole jets. The correlation derived a study of jet-to-mainstream momentum-ﬂux 
ratio, establishes the number of circular holes for optimum mixing given by 
Equation 2-64: 
𝑛 =
𝜋√2𝐽
𝐶
 
2-64 
Where: 
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   𝑛 = Number of Circular Jet Orifices to Optimize Mixing 
   𝐽 = Momentum Flux Ratio 
   𝐶 = Empirical Constant = 2.5 
 
Figure 2-32: Laboratory Model of RQL Combustor [88] 
Figure 2-32 shows a laboratory model of RQL combustor’s quick-mixing region. 
Jet mixing in a crossﬂow has been studied in two primary mainstream 
geometries; the cylindrical and rectangular geometry. The cylindrical geometry 
has been the most extensively researched and is directly relevant to cannular 
combustor conﬁgurations. In contrast, the modern annular combustor 
conﬁgurations have procreated investigations of jets in the crossﬂow for 
rectangular geometries. For each of the two configurations, Holdeman [87; 88] 
has established the following procedures to design the most rapid mixing in the 
Quick-Mix section of the RQL combustor: 
I. Cylindrical Geometry: 
 
 Typical Mass Ratio = 2.5 
 Typical Momentum Flux Ratio = 60 
 Optimal Number of Oriﬁces is given by Equation 2-64 
 Oriﬁce Size: Determined by the desired mass-ﬂow ratio and the 
optimum number of oriﬁces for the given momentum ﬂux ratio 
 
 
II. Rectangular Geometry 
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 Typical Mass Ratio = 2.5 
 Typical Momentum Flux Ratio = 60 
 Optimal Oriﬁce Spacing: 
𝑆
𝐻
=
𝐶
√𝐽
 
2-65 
Where: 
   𝑆 = Oriﬁce Spacing 
   𝐻 = Channel Height 
An experiment was carried out by Holdeman in [87], to examine the effects of 
air preheat and the number of orifices on NOX emissions in RQL combustor 
configurations. The facility used for the test has the capability to allow the jet air 
preheat to be controlled independently from the main air preheat. Mixing 
modules (80 mm Inlet Diameter) with a varying number of round holes but the 
same total area (1244 mm2 ) were evaluated while maintaining a constant jet-to-
mainstream momentum-flux ratio (J = 57) and mass-flow ratio (MR = 2.5). 
Figure 2-33 [88] shows the NOx emission result for preheated air input and the 
effect of number of orifices on NOx emission in the quick-quench section of the 
RQL combustor for the experiment. The outcomes of the experiment are 
discussed below:- 
 The number of orifices had a significant effect on mixing and the 
distribution of species. However, the overall NOx data for a constant total 
orifice area at a fixed momentum-flux ratio was relatively insensitive to 
the number of jets on the perimeter of the quick mix section, suggesting 
that an “optimum” mixer may not lead to the minimization of overall NOx 
emissions. 
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Figure 2-33: NOx emission data for number of orifice and preheat air in quick-
quench section [88] 
 High concentrations of NOx were observed in the wake of the jets near 
the wall for all modules probably because jet induced recirculation offers 
both high temperatures and lengthened residence times there. 
 Although the jet air in the quick-mix region comprised of 70 percent of the 
total airflow in the RQL combustor model and it was expected that higher 
jet air preheat temperature would contribute significantly to higher NOx 
production. But, the impact of preheating quick-mix jet air alone on NOx 
emissions was small compared to preheating both main and jet air. 
 Results from the current study do not support the assumption that an 
optimal mixer would lead to the minimization of NOx emissions, and 
shows that preheating both the mainstream and jet air has a significantly 
greater effect on NOx emissions than preheating only the jet air. 
2.10 Conclusion 
Low load or transient load events could affect the emissions performance of 
DLN gas turbines because of engine controls that are required to prevent 
combustor from flameout.  In order to prevent the formation of NOx, LPP 
combustors are designed to operate close to engine flameout temperatures 
when compared to conventional combustors.  If the load is reduced to a low 
level or increased/decreased rapidly, in order to prevent flameout, combustor 
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flame stability is augmented.  Most manufacturers expand combustor flame 
stability through staged fuel distribution adjustment such as the addition of pilot 
fuel [5].  The addition of pilot fuel creates a diffusion flame, which increases 
NOx and CO emissions. Therefore, CO emissions might increase significantly if 
operated at sustained low load conditions due to incomplete combustion at 
lower temperatures.   
Most of the work carried out so far on the RQL concept has confirmed its 
potential for ultralow NOX combustion and low conversion of FBN into NOX. The 
conversion of NH3 into NOX is also greatly reduced with Lower Heating Value 
(LHV) fuels. In comparison with conventional combustors, RQL combustors 
have inherently better ignition and flame blowout performances. In comparison 
with staged combustors, they have the important practical advantage of needing 
fewer fuel injectors. However, in order to fully exploit these assets, significant 
improvements in quench mixer designs are needed. 
Literature review indicates that radical reductions in aviation NOX emissions can 
be achieved by improvement of aircraft combustor designs. Especially, in the 
case of novel dry low NOX combustors, RQL concept has advantages of wider 
combustor stability and flame blowout limits over LPP combustor. Therefore, the 
RQL combustor is preferred over lean premixed options in aero engine 
applications due to the safety considerations throughout the power 
requirements in a cycle.  
Furthermore, stirred reactor method deemed suitable over the CFD method to 
predict the NOX emission for RQL combustor in order to reduce the computation 
time and in enlightenment of the further development of the model which is to 
be integrated with the trajectory optimisation tool. The next chapter explains the 
preliminary development of the NOX emission prediction model for RQL 
combustor using stirred reactor method and the sensitivity of the model for the 
input parameters such as pressure, temperature, and air flow.  
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3 DEVELOPMENT OF RQL NOX EMISSION PREDICTION 
MODEL  
This chapter explains in detail the development of the emission prediction 
model “Hephaestus” for RQL combustor using stirred reactor approach. Second 
part of the chapter explains the developed RQL combustor model’s 
assumptions and constraints. 
3.1 Introduction 
As discussed in section 2.6, there are three methods which can be adopted to 
predict jet engine emissions; empirical correlation method, stirred reactor based 
model and Computational Fluid Dynamics (CFD). In this research, Rich-Burn 
Quick-Quench Lean-Burn (RQL) combustor is modelled using stirred reactor 
approach for low NOX prediction.  
The stirred reactor approach is used to develop Cranfield’s in house emission 
prediction software “Hephaestus” explained in section 2.8. The next section 
explains the NASA RQL test rig experiment [12] on which the RQL combustor is 
modelled in “Hephaestus” using stirred reactor approach. 
3.2 RQL Test Rig Experiment by NASA 
The overall objective of the test rig programme conducted by NASA was to 
demonstrate the RQL combustor concept for High Speed Civil Transport 
(HSCT) programme [12]. That test was in support of Pratt & Whitney and GE 
Aircraft Engines low NOx combustor programs. The test rig was mounted in the 
Engine Research building at the NASA Lewis Research Centre. Figure 3-1 
shows a cut away drawing from the test rig experiment [12]. 
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Figure 3-1 Cut-away drawing of RQL Combustor Test Rig [12] 
Hot ceramic liners were used in the cylindrical flame tube rig to minimize the 
effects of heat loss on NOx emission. The test rig facility could supply the 
combustor inlet pressure air of 16 atm at 870K. Combustion gases were 
sampled continuously during testing using three sampling probes A, B and C as 
shown in Figure 3-1. The dimensions of test rig are mentioned in the Table 3-1. 
Airblast fuel atomisation nozzle was utilised for the test rig.  
The following was concluded from the test rig experiment:- 
 The RQL test results showed low NOx and CO emissions at required 
conditions set for the test rig 
 For this study, the test showed that the combustor inlet temperature T3 
was a dominant factor in the NOX formation in RQL combustor. As T3 
increased from 590 K to 870K the EINOX increased three fold 
 Secondary factors which influenced the NOX formation are combustor 
outlet pressure, turbine inlet temperature and rich burn equivalence ratio 
3.3 Development of RQL combustor model 
As from section 2.9.8, RQL combustor is divided mainly into three sections. The 
first part is the rich-zone, where fuel and air mix and burn in fuel rich conditions 
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with the equivalence ratio normally in between 1.5 and 1.8. The second section 
is the quick-mix zone, where almost all the remaining compressor exit air mixes 
with the fuel-air effluent gases from the rich zone very quickly. 
 
Figure 3-2: RQL Combustor Zones [91] 
The equivalence ratio is in the range of 0.6-0.8 for quick quenching. Third 
section is the lean zone, where all the mixture blends with the remaining air and 
the mixture itself is lean because of highest percentage of air. The equivalence 
ratio is in the range of 0.3-0.4.  
As in all the zones the temperature doesn’t exceeds critically required for NOX 
formation, the emission is considerably less compared to the conventional 
combustor. But, it demands careful designing to control the air flow and requires 
highly efficient instantaneous quick-quench mixing section. 
The section 2.6.3 explains about the stirred reactor method and provides an 
insight into different reactors theory. As it is the Perfectly Stirred Reactor (PSR) 
property, the two streams of effluent gases are assumed to mix homogeneously 
and attain the state of chemical equilibrium instantaneously. These equilibrium 
conditions are assumed along all the PSR length. The calculations of chemical 
equilibrium are performed using the NASA Chemical Equilibrium with 
Application (CEA) program [92; 93] which is based on the minimisation of Gibbs 
free energy at constant temperature and pressure. The main aim of the NASA 
program is to compute combustion parameters such as equilibrium 
temperature, density and species mass fraction for a given reactor. 
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Normally, the resident time of the reactant molecule in a jet engine combustor is 
short and not sufficient to achieve the chemical equilibrium for all the pollutant 
of interest. Especially, in the present study of the exhaust pollutants NOX and 
CO formed inside the gas turbine combustor are not in local chemical 
equilibrium. Therefore, it is necessary to include adequate kinetic model within 
each reactor to ensure sensible quantitative calculation of NOx and CO 
emissions. All the other species are presumed to be in chemical equilibrium. 
Once the gas conditions such as pressure, temperature, flow rates at the inlet 
and exit of the PSR, and its length are known, the PSR residence time is 
calculated and utilised for the integration of the reaction rates of the pollutants 
being analysed. As, the pollutants concentrations are very low, when compared 
to the combustion products in chemical equilibrium, it is assumed that the heat 
release is not affected by their formation. Finally, the exhaust pollutant along 
with the combustion products in equilibrium at the exit of a given PSR are 
supplied as inputs to the downstream reactors utilised in a multi-reactor 
arrangement. 
In the Partially Stirred Reactor (PaSR), the mixture fraction distribution is 
assumed to follow a Gaussian Probability Density Function (PDF). Celis [37] 
has also used a clipped Gaussian as Heywood and Fletcher [56] instead of the 
classical Gaussian to model the PaSR because PDF of the classical Gaussian 
tends to zero when the variable (here mixture fraction) tends to ±∞ However, 
the mixture fraction can only vary between 0 and 1 by definition  
The mixture fraction 𝑓 is given by [37; 94]:- 
𝑓 =
?̇?𝑓
?̇?𝑓+?̇?𝑎
= (1 +
1
∅. 𝐹𝐴𝑅𝑆
)
−1
 
3-1 
Fletcher and Heywood [56] introduced a parameter known as ‘mixing’ (or 
‘unmixedness’) parameter (S), defined as the standard deviation of the mixture 
fraction divided by its mean value given by:- 
𝑆 =
𝜎
𝑓𝑚
 3-2 
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Where, 𝑓𝑚 is the mean value of the mixture fraction and 𝜎 corresponds to its 
standard deviation. 
It is a measure of the uniformity of turbulent mixing within the reactor which 
implies if 𝑆 = 0 ,it’s completely mixed. 
Sturgess [95] proposed that by matching modelling predictions to measured 
emissions data, the mixing parameter can be established empirically. Also, 
depending on combustor primary zone details, the values are expected to be 
different between one combustor to another in which case PaSR is to be used. 
So, generally, it is expected that the mixing parameter relation would be 
different for dissimilar combustor design. This model also assumes that the 
mixing parameter is a function of the equivalence ratio based on information 
provided by Sturgess [95], Allaire [96], and Celis [37] as shown in Figure 3-3. 
 
Figure 3-3: Mixing parameter versus Equivalence ratio [37] 
It can be noted that this formulation of the mixing parameter limits the range of 
acceptable mean equivalence ratio between around 0.4 and 2.1. Therefore, the 
model has assumed the values of equivalence ratios between the defined 
values. Further to note that the NASA test rig RQL combustor Rich equivalence 
ratio doesn’t exceed more than 2 for the experiment. Therefore, the acceptable 
mean equivalence ratio between 0.4 and 2.1 deemed suitable for the 
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development of NOx emission prediction model. The PaSR receives air and fuel 
mass flow as input. The mixing parameter correlation is used to calculate S. 
The mean mixture fraction,𝑓𝑚, is determined given by the mass flow inputs and 
the standard deviation. The mean and standard deviation are subsequently 
used as input for the clipped Gaussian transformation. 
Finally, in order to keep the model developed simple, and avoid an increase in 
the level of uncertainties in the results obtained, some processes inside the 
combustor such as fuel evaporation, combustion unsteadiness, have not been 
included in the NOX emissions prediction model described in the present work. 
3.3.1 Reactor Layout of RQL Combustor 
As it can be seen from the CAD drawing of the RQL combustor in Figure 3-4, 
RQL combustor is divided into three regions; Rich-burn zone, quick-quench 
zone and lean-burn zone. The reactor layout of RQL is shown in the Figure 3-5. 
The rich-burn zone has one flame front reactor selected as partially stirred 
reactor. This assumption has been taken into account as the flame front area is 
fuel rich, thus the fuel/air mixture is heterogeneous with equivalence ratio of 1.8.  
The second is quick-quench region and is modelled with two series of perfectly 
stirred reactors, one at the near wall and the other at the core. These 
assumptions take into account the quick mixing and abundance of air present in 
this zone. Eventually, both the near wall and core flow of the quick-quench zone 
mix together and enters the lean-burn zone. By the time the mixture reaches the 
lean-burn zone the mixture is assumed to be fully homogenous and hence it is 
assumed to be a series of perfectly stirred reactors. 
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Figure 3-4: CATIA model of RQL combustor 
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Figure 3-5: Reactor layout of RQL combustor in the model 
From Figure 3-5, F1 is the fraction of air entering the flame front rich-burn zone, 
F2 is the fraction of the burning gases entering the near-wall reactor at quick-
mix zone from rich-burn reactor and F3 is the fraction of air initially assigned for 
quick-mix zone entering the near wall quick mix reactor. The rest of F3 air left 
from near-wall quick-quench enters the quick-quench core section of the 
combustor denoted by F4. The reactor arrangement and the air flow inside the 
combustor are based on the NASA test rig combustor [12] as shown in Figure 
3-1.  
The RQL Combustor geometry details have been taken from the NASA test rig 
experiment from [12], shown in the Table 3-1. 
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Table 3-1: Combustor Geometry from NASA Test Rig Experiment 
 
Rich-Burn (RB) 
Quick-Quench 
(QQ) 
Lean-Burn 
(LB) 
Length (m) 0.203 0.127 0.610 
Diameter (m) 0.152 0.102 0.178 
Area (m2) 0.031 0.013 0.108 
Based on the geometry given by the NASA test rig experiment [12], the area 
and corresponding length of the Rich-Burn (RB), Quick-Quench (QQ) and Lean-
Burn (LB) region of the different reactors within the RQL combustor is modelled 
as shown in Table 3-2.  
Table 3-2: RQL Reactor Geometry in Hephaestus 
Inlet 
area 
RB 
(m2) 
Outlet 
Area 
RB 
(m2) 
Length 
RB 
(m) 
Inlet 
Area 
QQ 
(m2) 
Outlet 
Area 
QQ 
(m2) 
Length 
QQ 
(m) 
Inlet 
Area 
LB 
(m2) 
Outlet 
Area 
LB 
(m2) 
Length 
LB (m) 
0.031 0.013 0.203 0.013 0.108 0.127 0.108 0.108 0.610 
The input parameter for the model is combustor inlet temperature (T3), pressure 
(P3), combustor inlet airflow (WA), fuel flow (WF), ambient relative humidity and 
the air distribution within the different regions.  
All the assumptions and constraints in modelling the RQL combustor in 
Hephaestus is kept same as in the NASA test rig experiment in order to verify 
the result with their experimental data. The assumptions which have been 
incorporated into the Hephaestus model from the NASA test rig experiment for 
NOX prediction are explained are as under:- 
 As the NASA test rig combustor is not tested with the ICAO points of 
take-off, ideal, cruise and approach scenario, the stirred reactor model is 
unable to access the suitability with the ICAO points. Hence the limitation 
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of the model is non-verification with the ICAO points for the NASA test rig 
combustor. 
 As the RQL combustor is an air staged low NOX and not fuel staged, all 
the fuel is fed into the flame-front rich burn zone after airblast 
atomization. So, 100% fuel enters the Rich burn section of the 
combustor. 
 
 The air is fed into rich-burn and the quick-quench section of the RQL 
combustor and there is no further air input in the lean-burn section 
because the temperature traverse at the downstream of combustor was 
not the priority for the NASA test rig experiment. The emphasis of the 
NASA RQL combustor test rig experiment was on NOX emission 
prediction. Hence, similar assumption of not ingesting air in the lean-burn 
section has been taken in Hephaestus for RQL NOX emission prediction 
modelling using stirred reactor approach.  
 
 The distribution of air in the rich-burn and quick-quench section is 
adjusted and monitored in order to achieve the required equivalence ratio 
in the rich-burn section of the combustor. Therefore, for different 
measurement points from the rig test experiment, the input air varies in 
the rich burn zone and hence in the quick-quench section subsequently. 
Therefore, the percentage of airflows into the rich-burn and quick-quench 
section has been calculated accordingly for the stirred reactor model.  
 
 The rich-burn section in the NASA test rig experiment is fuel rich with 
heterogeneous mixture of fuel and air. The air and fuel is fed from the 
front section of the combustor and there are no further air intakes in the 
chamber which means the rich-burn section acts a single cylindrical tube 
with two openings; one for the intake of fuel and air and the other for the 
effluent gases emanating from it to go to quick-quench section. 
Therefore, a single partially stirred reactor is chosen to capture the 
chemical kinetics within the rich-burn region.  
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 It is assumed that the effluent gases emanating from the rich-burn 
section mixes quickly in the second quick-quench region and attains the 
state of chemical equilibrium instantaneously in the series of discrete 
sections. Hence, the quick-quench region is modelled with series of 
perfectly stirred reactors. Further, the effluent gases after attaining the 
equilibrium conditions in their respective near wall regions mixes with the 
core reactor in quick quench zone and enters into the lean burn zone.  
 
 In the NASA test rig experiment there were three water-cooled sampling 
probes inserted into the lean-burn region to measure the emissions from 
the combustor separated from each other as shown in Figure 3-1. As, it 
is not possible to replicate the exact scenario in the stirred reactor model, 
the mass fraction of NOX is predicted axially along the length of the RQL 
combustor in the Hephaestus model. 
 
 Jet-to-crossflow momentum flux ratio (J) as explained in section 2.9.8.1 
was monitored and changed for each measurement point in the NASA 
test rig experiment. Due to the nature of preliminary development of the 
stirred reactor RQL NOx emission prediction model, the number of jet 
orifice, the jet penetration angle and jet-to-crossflow momentum flux ratio 
has not been taken into account. Instead, the change in fraction of air 
entering into the RQL combustor F1, F2, F3, F4 somewhat compensates 
for the Jet-to-crossflow momentum flux ratio in this model. 
 
The aim of developing a preliminary NOx emission prediction model for RQL 
combustor using stirred reactor approach is to be able to predict NOX emission 
results comparative with the NASA test rig experiment and to be able to capture 
the chemical kinetics within the RQL combustor for predicting NOX emissions 
for an aero engine. Therefore, due to aforesaid assumptions and constraints in 
modelling the RQL combustor, the output results might show variations from the 
experimental result measured from the NASA test rig. 
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4 RESULTS AND DISCUSSION 
This chapter discusses the results from the preliminary stirred reactor model for 
RQL combustor and comments on the NOX predictions output. 
Table 4-1 shows the outcome of the Hephaestus for the RQL combustor and 
comparison of EINOX with the NASA test rig experiment. Here, the input into the 
RQL combustor model such as combustor inlet temperature (T3), Pressure 
(P3), Air mass-flow and fuel flow has been taken from the NASA test rig 
experiment as shown in Table 4-1.  
Table 4-1: Comparison of EINOx from Hephaestus and NASA test rig 
T3 (K) P3 (atm) 
Air mass 
flow (kg/s) 
Fuel Flow 
(Kg/s) 
EINOX (g/Kg) 
(NASA rig) 
J (jet-to-
crossflow 
momentum 
flux ratio) 
EINOX 
(g/Kg) 
Hephaestus 
795 7.8 2.808 0.0894 5.4 34.7 5.38 
585 5.4 2.717 0.1057 1.7 16.6 1.41 
797 8.0 3.048 0.0889 4.9 43.4 4.54 
583 10.5 2.567 0.0984 4.5 17 4.70 
583 10.0 2.784 0.0989 3.9 20.7 2.27 
848 10.0 3.361 0.1048 8.6 38.9 7.02 
As it can be seen from the Table 4-1, the RQL Hephaestus model has been 
able to predict the EINOX comparatively close to the experimental results from 
the NASA test rig experiment. The reason for variation of EINOX for few points 
is due to the assumption and constraints in model; one being not taking the jet-
to-crossflow momentum flux ratio into account during the RQL combustor 
modelling using stirred reactor approach.  
A detailed variation of different parameters in the axial direction of RQL 
combustor is explained in the next section. 
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4.1 Axial Position Results for NASA test rig combustor 
This section shows the axial variation in the main parameters such as 
equivalence ratios, NOX & CO mass fractions and temperature for the NASA 
test rig experiment combustor geometry from the Hephaestus RQL combustor 
model. The Figure 4-1 shows the variation of equivalence ratios in the core and 
near wall region of the RQL combustor axially along the length. It is inferred 
from Figure 4-1 that the equivalence ratio is 1.8 for the first two points in core 
and near wall. These points are from the flame front rich-burn region where a 
single partial stirred reactor for core was used to model the region and the 
equivalence ratio was fixed to 1.8 according to the NASA test rig experiment. 
Hence, the inlet and outlet equivalence ratio of the rich-burn region is 
unchanged.  
However, the steep decline in both the near-wall and core section of the second 
quick-mix region is due to the addition of large amount of quenching air in the 
mid-section.  
 
Figure 4-1: Equivalence ratio vs RQL combustor axial positions 
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As per the NASA test rig experiment requirement, there is no air added further 
in the lean-burn section. Therefore, the effluent gases emanating from the 
quick-quench section reaches to equivalence ratio of 0.5; it remains same for 
the whole lean-burn section. For real engine case, air would further be added 
for a uniform temperature traverse at the end of the dilution zone and hence the 
equivalence ratio would vary in the dilution zone. 
The Figure 4-2 shows the temperature variation in the near wall and core region 
along the length of the RQL combustor. It is inferred from Figure 4-2 that there 
is a steep drop in the near-wall region temperature; this is due to the addition of 
abundance compressor exit air which is comparatively cooler than the 
combustor in the quick-quench region. When, the air first enters in the quick-mix 
section, it first quenches the near-wall region reducing its temperature before 
entering into the core section of quick-mix section.  
 
Figure 4-2: Temperature vs RQL combustor axial positions 
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is added, the combustion moves towards leaner equivalence ratio of 0.5 as 
shown in Figure 4-1 which reduces the core temperature.  
Eventually, the fuel-air mixture become homogeneous and reaches to a point of 
almost constant temperature which shows in the lean-burn section of the RQL 
combustor. 
 
Figure 4-3: NO mass fraction vs RQL combustor axial positions 
The Figure 4-3 shows the mass fraction of Oxides of Nitrogen along the length 
of the RQL combustor. The mass fraction is defined as the ratio of the mass of 
the substance to the total mass of the mixture.  
The NOX formation in a combustor is mostly thermal NOx and forms at higher 
temperature of more than 1800K. The Figure 4-3 of NOX formation follows the 
same trend as in the Figure 4-2 of temperature variation in the near wall and 
core of the RQL combustor. As, most of the air is added in the quick-quench 
zone the mass fraction of NOX decreases. The slight continues increase of 
mass fraction in the lean burn zone is due to the temperature in the range of 
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more than 1800 K in Figure 4-2, no further addition of air and longer residence 
time due to longer length of the lean burn section of the NASA RQL combustor. 
The RQL combustor model Hephaestus has also predicted the Carbon 
Monoxide (CO) formation in form of CO mass fraction as shown in Figure 4-4.  
The temperature plays a key role in the NOX and CO formation in the combustor 
as from Figure 2-3 in the chapter 2.  At lower temperature CO increases and at 
higher temperature, the CO decreases due to the oxidation reaction in which 
carbon monoxide reacts with oxygen to form carbon di-oxide. The result of 
Hephaestus for the RQL combustor shows the similar trend where the CO is in 
larger quantity in the rich-burn section due to the lower temperature and lack of 
oxygen but the amount of CO decreases as the air starts entering in the quick-
mix section of the RQL combustor as shown from Figure 4-4. 
 
Figure 4-4: CO mass fraction vs RQL combustor axial positions 
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The next section carries out a case study to look at the impact on NOX emission 
for CFM56 type engines when the conventional combustor has been replaced 
with the RQL combustor.  
 
4.2 Case Study: CUTF1 engine with RQL 
In order to compare the NOX prediction trends between conventional and RQL 
combustor, an aero-engine from CFM variants is chosen. The engine has been 
modelled in Turbomatch [97] in-house gas turbine engine performance software 
at Cranfield University. It’s been tested and verified by the data available in 
public domain.  
Therefore, in order to predict NOX in an aero-engine fitted with the RQL 
combustor, CFM56-5B2 type engine has been chosen, modelled and verified in 
Turbomatch for design and off-design point. After carrying out the engine 
performance calculation for take-off and cruise, various off-design calculations 
for different TET (Turbine Entry Temperature), the CF56-5B2 type engine is 
renamed as CUTF1 (Cranfield University Turbofan 1). 
CFM56-5B2 engine is a two-shaft turbo-fan engine, with by-pass ratio of 5.6, 
pressure ratio of 31.3 and rated output thrust of 137.9kN [98]. This engine 
comes with two variants of combustor; one is the conventional combustor and 
the other is the fuel staged low NOX dual annular combustor (DAC). For the 
comparative study of RQL in this engine, the conventional combustor model of 
CFM56-5B2 has been chosen. Table 4-2 shows the ICAO emission indices for 
NOX, fuel flow, time for different power settings and total fuel burn and NOX 
emission for LTO cycle [98]  
In order to predict emission from Hephaestus, input parameter such as inlet 
pressure, temperature, fuel flow, mass flow at combustor inlet, are required 
which is fed from the Turbomatch engine performance calculation for CUTF1.  
As the engine performance model TurboMatch couldn’t converge for 7% idle 
condition for the CUTF1, comparison with the same is not taken into account.  
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Table 4-2: ICAO emission data for CFM56-5B2 engine [98] 
Power Setting  
(%) 
Time in Mode 
(Minutes) 
Fuel Flow 
(kg/s) 
EINOX 
(g/kg fuel) 
Take-off 100 0.7 1.426 37.8 
Climb out 85 2.2 1.158 28.5 
Approach 30 4 0.376 11 
Idle 7 26 0.119 4.7 
LTO Total fuel (kg) or emission (g) 489 8485 
The result of NOX emission prediction for CUTF1 is shown in Figure 4-5. It is 
obtained from the Hephaestus model for the conventional and RQL combustor 
for CUTF1 engine. It clearly shows that the model is able to predict NOX for the 
conventional combustor of CUTF1 and the same is verified with the data from 
ICAO engine emission databank [98].  
In order to run the 2nd case for RQL, all the combustor input parameters such as 
temperature, pressure, air mass flow and fuel flow are kept same as the CUTF1 
conventional combustor. First the Hephaestus model is run to predict the NOX 
formation in conventional combustor and then it is verified with the ICAO 
emission databank. Secondly, the comparison is made with the RQL combustor 
prediction. It is inferred from Figure 4-5 that the NOX formation reduces 
drastically in RQL when compared to the ICAO NOX formation data of CUTF1 
conventional combustor. 
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Figure 4-5: CUTF1 EINOX vs Power Settings 
4.2.1 Axial Position Results: CUTF1 
This section follows the same principle as in section 4.1 to predict the axial 
variation of the main parameters i.e. equivalence ratio, NOX & CO mass 
fractions and temperature for CUTF1 engine with the NASA test rig experiment 
combustor geometry in the Hephaestus RQL combustor model.  
 
Figure 4-6: Equivalence ratio vs CUTF1 RQL combustor axial position 
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Figure 4-7: Temperature vs CUTF1 RQL combustor axial position 
 
 
Figure 4-8: NOx mass fraction vs CUTF1 RQL combustor axial position 
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Figure 4-9: CO mass fraction vs CUTF1 RQL combustor axial position 
The results from Figure 4-6 to Figure 4-9 shows same trends as shown in 
Figure 4-1 to Figure 4-4.for equivalence ratio, mass fraction and temperature for 
CUTF1 when RQL combustor geometry from NASA test rig is utilised in the 
stirred reactor model. Now the next section looks into the sensitivity analysis of 
the model by varying the model parameters in the Hephaestus for RQL 
combustor using CUTF1 combustor input constraints. 
4.2.2 Sensitivity Analysis: CUTF1 RQL Model 
There are three model parameters F1, F2, and F3 which guide the air or fuel-air 
mixture in the stirred reactors of the RQL combustor model (see Figure 3-5). 
The F4 is another parameter which is the percentage of air left from F3 and 
enters the quick-quench core given by equation 4-1: 
F4 = [100 − (F1 + F3)]% 4-1 
The following analysis describes the impact of these parameters on the 
emission indices, equivalence ratio and temperature in the combustor zones.  
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All, the results are for CFM56-5B2 type engine CUTF1 at 100 % power setting 
for RQL combustor. Therefore, for a given prediction point, F1 to F3 varies while 
keeping all other combustor input parameters such as combustor inlet 
temperature, pressure, fuel flow and air mass flow constant. 
 
Figure 4-10: EINOX vs F1 (F2, F3, T3, P3, WA, Wff is constant) 
The modelling factor F1 is the air mass flow input in the rich-burn section of the 
RQL combustor. As from the Figure 4-10, increase in air fraction inside the rich-
burn section of RQL combustors provides abundance of oxygen molecule 
creates local stoichiometric regions within the rich-burn zone raising 
temperature and therefore increase the NOX emission.  
Whereas in Figure 4-11, increase in oxygen molecule start the oxidation 
reaction of carbon monoxide which is formed in rich-burn section of RQL 
combustor due to lack of oxygen. The oxidation reaction is an exothermic 
reaction releasing more energy in the system than it absorbs which further 
raises the temperature and accelerates the oxidation process. Due these 
processes carbon monoxide content reduces in the output of RQL combustor as 
the fraction of air F1 increases in the rich-burn section of RQL combustor. 
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Figure 4-11: EICO vs F1 (F2, F3, T3, P3, WA, Wff is constant) 
There are two series of perfectly stirred reactors which is used to model the 
quick-quench region of the RQL combustor; one is for the core section and the 
other for the Near-Wall (NW) as shown in Figure 4-12.  
 
Figure 4-12: Equivalence ratio QQ Core vs F1 (F2, F3, T3, P3, WA, Wff is constant) 
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equivalence ratio in Figure 4-12. Whereas, in Figure 4-13, once more air is 
allowed to enter in the quick-quench core section, less air is available for the 
near-wall region thereby increasing the equivalence ratio of near-wall for a 
constant total airflow input to the RQL combustor. 
 
Figure 4-13: Equivalence ratio QQ NW vs F1 (F2, F3, T3, P3, WA, Wff is constant) 
The modelling parameter F2 is the flow of effluent gases from rich-burn zone to 
the quick-quench which can’t be governed in a real case scenario. Therefore, it 
is kept constant for a specific point for other modelling parameters sensitivity 
study. The stirred reactor model has the capability to vary the F2 parameter and 
comprehend the implication of it on the output. Therefore, just for a theoretical 
aspect, the result of sensitivity study on varying the F2 is presented here. 
The Figure 4-14 -Figure 4-16 shows the effect of F2 on the emission indices 
and equivalence ratio. F2 is the percentage of effluent fuel-air rich mixture or 
burned gases in the rich-burned section of the RQL combustor entering into the 
near-wall region of quick-quench section. The left rich-burn effluent gases enter 
into the core section of quick-quench region of RQL combustor.  
The Figure 4-14 shows that the NOX emission decreases as F2 increases. The 
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region of quick-mix section because of cold compressor air addition at the near-
wall of the RQL combustor. Therefore, as the rich burn gases enter the near-
wall section of the quick-mix region, lower temperature attenuates the formation 
of NOX. Whereas, this lowering of the temperature reduces the required 
temperature for oxidation reaction of carbon monoxide to carbon dioxide, 
leading to a slight increase in carbon monoxide as shown in Figure 4-15.  
 
Figure 4-14: Comparison of EINOX with F2 when, F1, F3, T3, P3, WA and Wff is 
constant 
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Figure 4-15: Comparison of EICO with F2 when, F1, F3, T3, P3, WA and Wff is 
constant 
 
Figure 4-16: Comparison of PHI QQ NW with F2 when F1, F3, T3, P3, WA and Wff 
is constant 
It is inferred from the Figure 4-16, that the equivalence ratio of the quick-quench 
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from the rich-burn section; hence, the amount of fuel droplets increases in the 
near-wall increasing its equivalence ratio. 
 
Figure 4-17: Comparison of PHI QQ Core with F2 when, F1, F3, T3, P3, WA and Wff 
is constant 
Whereas in Figure 4-17, equivalence ratio of quick-quench core decreases 
because the fuel-rich effluent gases emanating from the rich-burn section with 
fuel droplets are accumulating in the near-wall region and less fuel droplets go 
in the quick-quench core section; reducing its equivalence ratio. 
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Figure 4-18: Quick-Quench Near-Wall temperature vs F3 (F1, F2, T3, P3, WA, Wff is 
constant) 
The Figure 4-18 and Figure 4-19 describes the effect of air intake F3 into the 
near-wall section of quick-quench region in the RQL combustor. In this case, it 
is assumed in the model that 95% of effluent gases from the rich-burns section 
enter into the core of quick-quench region and only 5% enter into the near-wall 
region. Therefore, the majority of combustion reaction takes place in the quick-
quench core section for this case.  
It is observed from Figure 4-18 and Figure 4-19 that the temperature and 
equivalence ratio decreases at near-wall of quick-quench region, as F3 
increases. This decrease in equivalence ratio and temperature is due to the 
addition of cooler air from the compressor, which enters the quick-quench 
section at the near-wall first, thereby reducing its equivalence ratio and 
temperature. The second reason is less fuel rich gases (5%) are available in the 
near wall section for the combustion and more in the core (95%). 
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Figure 4-19: Equivalence ratio Quick-Quench NW vs F3 (F1, F2, T3, P3, WA, Wff is 
constant) 
 
Figure 4-20: Quick-Quench Core temperature vs F3 (F1, F2, T3, P3, WA, Wff is 
constant) 
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Whereas, in Figure 4-20, temperature of the quick-quench core section 
increases as 95% of rich-burn gases are available in the core section for the 
combustion thereby increasing the temperature to more than 1850 K. 
 
Figure 4-21: EINOX vs F3 (F1, F2, T3, P3, WA and Wff is constant) 
It is observed from Figure 4-22 that the equivalence ratio increases with 
increase in F3. Rise in equivalence ratio towards the stoichiometric region 
raises the temperature to more than 1850 K as shown in the Figure 4-20. From 
section 2.5, it is inferred that the temperature has an exponential effect in 
increasing the NOX formation in a combustor. Therefore, in Figure 4-21, NOX 
increases with increase in F3 due to the rise in temperature in the core section 
of quick-quench region where almost all the combustion is taking place.  
 
7
7.5
8
8.5
9
9.5
10
0 10 20 30 40
EINOx vs F3 
EINOx vs F3
 E
IN
O
x
 (
g
/K
g
) 
 F3 (%) 
 109 
 
Figure 4-22: Equivalence Ratio Quick-Quench Core vs F3 (F1, F2, T3, P3, WA,Wff 
is constant) 
The next section discusses the NOX emission result from the RQL combustor for 
LTO cycle and compares with the International Civil Aviation Organisation 
(ICAO) LTO cycle NOX regulations. 
4.2.3 RQL combustor NOx prediction for LTO cycle 
The section 2.4.3 describes the ICAO NOX emission standard regulations set 
for the Landing and Take-Off (LTO) cycle for an aircraft engine. The LTO NOX is 
calculated by computing the total NOX emission from the aircraft engine at four 
modes (Take-off, approach, landing & taxi). The NOX emission at a particular 
mode is the product of emission index, fuel-flow and time in that mode. The 
Table 4-2 shows all the values of CFM56-5B2 type CUTF1 engine from the 
ICAO emission databank. The DP/Foo is the NOX characteristics for LTO cycle 
given represented as the total NOX in the LTO cycle divided by the take-off 
thrust as sea level static. 
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The Figure 4-23 shows various ICAO LTO cycle limits comparison for different 
overall pressure ratio. For higher overall pressure ratio, the combustor inlet 
temperature increases and hence the NOX production in the combustor. It is 
observed from the Figure 4-23 that RQL combustor for the CUTF1 engine 
outperforms in terms of NOX emission when compared to the conventional 
combustor counterpart.  
 
Figure 4-23: ICAO NOX LTO Cycle limits  
Although, the RQL combustor has advantage of NOX reduction over the 
conventional combustor, its incorporation in the jet engine has certain 
constrains:- 
 Firstly the size of the RQL combustor has to be similar to that of a 
conventional combustor in order to integrate it with the current jet 
engines. As, longer combustor (in case of this test rig NASA combustor) 
would require longer spool or shaft to connect the compressor and 
turbine which increases the weight and the torsion which may result in 
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 Secondly, the pressure loss across the combustor would be higher 
compared to a conventional annular combustor due to cold and hot 
losses as the NASA RQL combustor is longer.  
 Thirdly, the NASA RQL combustor is a tubular combustor; therefore it 
would be much heavier compared to annular aero engine combustors. 
 Although the RQL combustor has a wider stability limit compared to the 
lean premixed combustors, it is obligatory to check the altitude-relight 
capability of the combustor in case of a flame-blow out at higher altitude. 
A process where air flowing through an unlit engine causes spool 
rotation is called windmilling [99]. Windmilling is explained briefly in the 
next section. 
The next section looks into these constraints of a jet engine for the incorporation 
of the RQL combustor in case of flame-blow out at higher altitude. 
 
4.3 Case study: RQL Combustor at windmilling condition  
In case of flame-blowout of an aero engine at higher altitude when there is no 
combustion taking place and the spool rotation is due to the air mass flow 
through the engine, it is called windmilling of the engine.  
Relight at windmilling conditions are certification requirements for any novel 
combustor design. According to Fletcher [99], the key performance parameters 
vital for altitude relight during windmilling are: 
 Combustor size, combustor entry pressure, temperature and mass ﬂow 
 Power which can be extracted from the engine 
 The engine drag during windmilling, which is caused by the air slowing 
down as it passes through the engine  
In order to estimate the combustor size, windmilling flame-out scenario is the 
basic requirement for a combustor in an aero engine. The theta parameter can 
be used to size a combustor as shown in Figure 2-14 and given by, 
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𝜃 = [
𝑃3
1.75𝐴𝑟𝑒𝑓𝐷𝑟𝑒𝑓
0.75𝑒𝑥𝑝 (
𝑇3
300)
?̇?𝐴
]      
4-2 
As explained in the section 2.7.4, the combustor reference area 𝐴𝑟𝑒𝑓 and the 
diameter 𝐷𝑟𝑒𝑓 of the combustor inlet can be deduced from the equation 4-2 
once the combustor inlet pressure, temperature and mass flow is known. The 
theta parameter can be plotted from the curve in Figure 2-14 for a given 
combustion efficiency.  
In order to compute the inlet conditions (temperature, pressure and mass flow) 
for the jet engine combustor for a free windmilling case, charts from [99] for 
temperature and pressure ratios has been utilised.  
The parameters required to calculate the combustor inlet conditions for the free 
windmilling and not locked rotor windmilling (where the high pressure spool is 
mechanically prevented from rotating) are:  
 Design point bypass ratio  
 Design point overall pressure ratio 
 Maximum operating altitude of the aircraft,  
 Mach number corresponding to the maximum operating altitude,  
 Engine inlet area,  
 Specific take-off thrust at sea level static  
The combustor inlet pressure and temperature can be calculated from the 
Figure 4-24 and Figure 4-25 from [99]. 
 113 
 
Figure 4-24: Compressor PR vs Flight Mach Number for one or two spool 
turbojet engine [99] 
The ambient conditions at an altitude for pressure, temperature, relative 
humidity for a standard atmosphere, MIL-STD (Military standard) hot day and 
MIL-STD cold is summarised by Fletcher [99]. The charts can be used to define 
the inlet conditions at an altitude for the engine. In order to calculate the 
combustor inlet pressure and temperature, Figure 4-24 and Figure 4-25 
provides the compressor pressure and temperature ratios which can be 
multiplied to the ambient MIL-STD conditions to give the combustor inlet 
pressure and temperature at an altitude for windmilling scenario for one or two 
spool turbojet engines. 
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Figure 4-25: Compressor TR vs Flight Mach Number for one or two spool turbojet 
engine [99] 
In case of windmilling in turbo fan engine, the bypass duct in the engine 
presents the least resistance to the ram pressure at the fan, hence most of the 
air mass flow bypasses the engine core. According to Fletcher [99], turbofan 
engines with bypass ratio of 5:1 has a windmilling bypass ratio of as high as 
80:1 and for lower bypass ratios, it will be proportionally lower.  
As, the bypass ratio increases during windmilling, the compressor pressure ratio 
falls gradually, thus a factor of around 0.6 must be applied to compressor 
delivery pressure for a turbofan of 5:1 bypass ratio relative to a turbojet. 
The combustor inlet mass flow can be calculated from the two charts [99] as 
shown in Figure 4-26 and Figure 4-27.  
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Figure 4-26: Turbojet windmlling: mass flow function vs flight Mach number 
 
Figure 4-27: Turbojet and turbofan windmilling: ESDU mass flow function vs 
specific thrust 
Engineering Sciences Data Unit (ESDU) mass flow function is the function of 
mass flow, gas constant, total temperature, area, total pressure and Mach 
number and is given in ESDU document [100] by the equation 4-3. 
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𝐸𝑆𝐷𝑈 𝑊𝑓𝑙𝑜𝑤 𝐹𝑛 = [
?̇?𝐴 ∗ √𝑅 ∗ 𝑇3
𝐴𝑖𝑛𝑙𝑒𝑡 ∗ 𝑃3 ∗ 𝑓𝑛(𝑀𝑎)
]      
4-3 
Where, 
  𝐸𝑆𝐷𝑈 𝑊𝑓𝑙𝑜𝑤 𝐹𝑛 = ESDU mass flow function 
  ?̇?𝐴 = Combustor inlet air flow 
  𝑅 = Gas constant 
  𝑇3 = Combustor inlet temperature 
  𝐴𝑖𝑛𝑙𝑒𝑡 = Engine inlet area 
  𝑃3 = Combustor inlet pressure 
  𝑓𝑛(𝑀𝑎) = Mach number function which is given by: 
= [
𝑀𝑎 ∗ √𝛾
(1 + 0.5 ∗ (𝛾 − 1) ∗ 𝑀𝑎2)
{0.5∗
(𝛾+1)
(𝛾−1)
}
]      
4-4 
Where, 
  𝑀𝑎 = Mach number 
𝛾 = Gamma, ratio of the speciﬁc heat at constant pressure to that 
at constant volume 
4.3.1 Case Study: Windmiling for NASA test rig experiment 
The NASA test rig experiment as described in section 3.2 was conceded at sea 
level static temperature and pressure for emission prediction. As per the altitude 
relight requirement of a combustor, this section carries out a quantitative 
analysis of the NASA test rig combustor for flameout windmilling scenario if 
flown in an aero engine at an altitude 10,000m. Although the length of the 
combustor is 94 cm, which is long for an aero engine, this is assumed that no 
major change in the design of a single spool turbojet is done. The turbojet with 
an axial flow compressor of design point pressure ratio of 5:1 and an inlet area 
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of 0.1m2 is free windmilling at 10,000m, standard day and 0.6 flight Mach 
number. From the Table 4-1, combustor inlet parameters are selected given in 
Table 4-3. 
Table 4-3 Selected Engine Inlet Parameters from RQL NASA’S test rig 
T3 (K) P3 (atm) Air mass flow (kg/s) 
Fuel Flow 
(Kg/s) 
585 5.4 2.717 0.1057 
After carrying out the design point calculation for the above input parameters, 
specific thrust of 712 m/s is obtained.  
According to Lefebvre [5], the minimum efficiency required for an altitude relight 
condition is 80%. Therefore, in this case, theta parameter is calculated for a 
single turbojet engine with an inlet of 0.1m2, fitted with the NASA test rig 
combustor geometry which is windmilling after flame blowout at 10,000m. 
In order to calculate the mass flow, pressure and temperature at the 10,000m, 
charts from the Walsh & Fletcher [99] is used as shown in Figure 4-24, Figure 
4-25, Figure 4-26, and Figure 4-27. The chart is curve fitted to calculate various 
parameters with the polynomial equations as shown in  
Figure 4-28,  
Figure 4-29 and Figure 4-30. 
Figure 4-28 shows the curve fitting of compressor temperature ratio for a given 
Mach number for an engine with pressure ratios of 20:1 and 5:1. The 
polynomial equation to calculate the temperature pressure ratio with PR of 20:1 
is given by equation 4-5 with the error of 0%. Whereas, the equation to 
calculate the temperature pressure ratio with PR of 5:1 is given by equation 4-6 
with the error of 0% in plotting the polynomial equation. 
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Figure 4-28: Curve fitting of Compressor TR vs Mach number 
𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑅𝑎𝑡𝑖𝑜 20: 1
= 0.1232𝑀𝑎5  −  0.4015𝑀𝑎4  +  0.6575𝑀𝑎3  −  0.3343𝑀𝑎2  
+  0.0819𝑀𝑎 +  0.9948      
4-5 
𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑅𝑎𝑡𝑖𝑜 5: 1
= −0.0029𝑀𝑎4  +  0.081𝑀𝑎3  −  0.1208𝑀𝑎2  +  0.0839𝑀𝑎 
+  0.9878      
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Figure 4-29: Curve fitting of Compressor PR vs Mach number 
Figure 4-29 shows the curve fitting of compressor pressure ratio for a given 
Mach number for an engine with pressure ratios of 20:1 and 5:1. The 
polynomial equation to calculate the compressor pressure ratio of 20:1 is given 
by equation 4-7 and PR of 5:1 is given by equation 4-8. 
 
𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑅𝑎𝑡𝑖𝑜 20: 1
= −1.2249𝑀𝑎5  +  3.6112𝑀𝑎4  −  2.5773𝑀𝑎3  +  0.5931𝑀𝑎2  
−  0.0546𝑀𝑎 +  1.0006  
4-7 
𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑅𝑎𝑡𝑖𝑜 5: 1
= −0.9783𝑀𝑎4  +  1.8026𝑀𝑎3  −  1.0935𝑀𝑎2  +  0.123𝑀𝑎 
+  0.9941  
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Figure 4-30: Mass Flow function from ESDU vs the Specific Thrust 
𝐸𝑆𝐷𝑈 𝑀𝑎𝑠𝑠 𝐹𝑙𝑜𝑤 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = 3 ∗ 10−7 ∗ 𝑥2  −  0.001 ∗ 𝑥 +  0.5748  4-9 
Where 𝑥 = ISA SLS take-off specific thrust 
The results for compressor pressure ratio, temperature ratio, ambient 
temperature (T1) and pressure (P1) at 10,000m, combustor inlet temperature 
(T3) and pressure (P3) and the mass flow function from the plotted charts for 
specific thrust 712 m/s and Mach number 0.6 is shown in Table 4-4: 
Table 4-4: Results from the charts for combustor input parameters 
Compressor 
PR 
Temperature 
PR 
T1 
(K) 
P1 
(kPa) 
T3 (K) P3 
(kPa) 
Mass Flow 
Function 
0.95 1.01 223.2 26.435 225.43 25.11 0.07 
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In order to calculate the inlet mass flow ?̇?𝐴  of the combustor , all the values 
from the Table 4-4 is placed in equation 4-3 which can be re-written as 
0.07 = [
?̇?𝐴 ∗ √287.05 ∗ 225.43
0.1 ∗ 25110 ∗ 𝑓𝑛(𝑀𝑎)
]      
4-10 
In order to calculate𝑓𝑛(𝑀𝑎) for the mass flow function, equation 4-4 can be re-
written after putting all the values as: 
𝑓𝑛(𝑀𝑎) = [
0.6 ∗ √1.4
(1 + 0.5 ∗ (1.4 − 1) ∗ 0.62)
{0.5∗
(1.4+1)
(1.4−1)
}
]      
4-11 
𝑓𝑛(𝑀𝑎) = 0.576 
Therefore after putting the value of 𝑓𝑛(𝑀𝑎) in equation 4-10, 
?̇?𝐴 = 0.42 kg/s 
Now, putting the values of P3, T3, mass flow, Aref and Dref (Table 3-1), theta 
parameter is calculated as shown by equation 4-12. 
𝜃 = [
251101.75 ∗ 0.031 ∗ 0.1520.75 ∗ 𝑒𝑥𝑝 (
225.43
300 )
0.42
]      
4-12 
𝜃 = 0.19 ∗ 107 
In order to be able to predict the combustor ignition ability for blame blowout at 
higher altitude, theta parameter is plotted by fitting curve against the efficiency 
of the combustor from Figure 2-14, Lefebvre [5; 68]. The curve fitting of the 
theta parameter is shown in Figure 4-31.  
The above result of 𝜃 = 0.19 ∗ 107 is plotted in Figure 4-31 (blue star) for the 
combustion efficiency of 0.8, which generally is the minimum efficiency required 
for the altitude relight [5]. It is found from Figure 4-31, that the curve of theta 
parameter is close to 0 and outside the plotted area of combustion region. 
Hence, the sizing assessment of NASA test rig RQL combustor design doesn’t 
meet the necessary certification criteria for altitude relight at 10000m. This 
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implies that for a given Dref T3, P3, and mass flow, the NASA test rig geometry 
cross sectional area of the combustor is not designed large enough to be able 
to sustain a relight at the altitude of 10,000m. 
 
Figure 4-31: Curve fitting of the Theta Parameter 
As, NASA RQL combustor is a single tube combustor which is a section 
representation of an axial combustor and the theta curve method used in this 
study is based on the axial combustor. Therefore, the modification in NASA’s 
combustor geometry is needed in order to relight at 10,000m altitude. 
In order to calculate the reference area for the NASA’s combustor geometry, a 
theta parameter for the worst scenario of altitude relight condition is selected. 
Lefebvre [5] has proposed that generally combustion efficiency of 80% is 
required for the altitude relight condition. Therefore, according to Figure 4-31, a 
theta parameter of 1.6*10^7 is selected (green star) for combustion efficiency of 
80% for the smallest combustor size.  
Now, putting all the values of P3, T3, mass flow, theta parameter and Dref in 
equation 4-12, the Aref is calculated to be 0.26m2.  
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Liu [101] carried out a study for the combustor sizing using Lefebvre’s theta 
parameter [5]. The ratio of reference area to reference diameter of a combustor 
was found to be 1.8. Using this relation the reference area of the NASA test rig 
RQL combustor geometry would be 0.274m2 (where Dref=0.152m from Table 
3-1).  
Putting this new value of reference area in 4-12 keeping all other parameters as 
same from the previous case, the resultant theta parameter 𝜃 = 1.68 ∗ 107. The 
plotted point (black star) in Figure 4-31 shows this modified combustor 
geometry for the combustion efficiency of 0.8 suitable for relight. Figure 4-31 
shows that the theta parameter is within the envelope of defined combustion 
area and hence the relight is possible at 10,000m for the RQL combustor. 
4.3.2 Case Study: Windmiling for V2500 combustor 
In order to verify the methodology used to analyse the sizing requirement in the 
case of the NASA test rig experiment, another working aircraft engine 
combustor (V2500) is considered. The V2500 engines’ flange to flange length is 
3.2m and fan tip diameter is 1.6m [102].  
As V2500 engine is already in service, it must have passed the altitude relight 
certification criteria. Janes Aero-engine [102] provides the geometry of the jet 
engine, which gives Aref=0.2315 m
2 and Dref=0.284m. The theta parameter is 
calculated for V2500 combustor for attitude relight at 10,000m and plotted in the 
theta parameter versus combustion efficiency graph shown in Figure 4-32 
(small green star). The Figure 4-32 shows that the theta parameter for V2500 
combustor is within the required envelope of altitude relight.  
It clearly shows that V2500 combustor certifies the altitude relight scenario with 
the existing geometry and verifies the methodology which has been taken in this 
report for the altitude relighting capability of the NASA test rig combustor. 
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Figure 4-32 Theta parameter for V2500 combustor 
The sensitivity analysis of NASA RQL combustor geometry is performed with 
change in theta parameter for the altitude re-light conditions at 10,000m. 
 
Figure 4-33: Combustor RQL geometry variation: Combustion Efficiency 0.8 
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Figure 4-33 shows the reference area and diameter of the combustor increases 
as the theta parameter increases from the optimistic scenario of 1.6*10^7 to 
maximum 3.4*10^7 which a pessimistic scenario for 80% combustion efficiency. 
Therefore, the reference area of the combustor varies from 0.27m2 to 0.40m2 
and the reference diameter of the combustor varies from 0.14m to 0.22m for the 
altitude relight condition.  Below the optimistic theta parameter of 1.6*10^7, the 
combustor will not ignite due to rich ignition limit and small size of the 
combustor. The pessimistic theta parameter of 3.4*10^7 and above lies outside 
the shaded area of the combustion from Figure 4-31, hence there will be no 
ignition as the size of the combustor is substantially large for the given mass 
flow, pressure and temperature at 10,000m for altitude relight at combustion 
efficiency of 80%. 
As the efficiency of the combustor increases the shaded region between higher 
and lower theta parameter value from Figure 4-31, becomes narrower, thus 
limiting the size of the combustor for altitude relighting at higher efficiency.  
 
 
Figure 4-34: Combustor RQL geometry variation: Combustion Efficiency 0.9 
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Figure 4-34 also shows that the reference area and diameter of the combustor 
increases as the theta parameter increases from minimum of 2.7*10^7 to 
maximum 4.7*10^7 for 90% combustion efficiency. Therefore, the reference 
area of the combustor varies from 0.36m2 to 0.49m2 and the reference diameter 
of the combustor varies from 0.20m to 0.27m for the altitude relight condition.  
Below theta parameter of 2.7*10^7, the combustor will not relight due to the rich 
ignition limit at 90% efficiency and small size of the combustor for this case.  
The theta parameter of 4.7*10^7 and above lies outside the shaded area of the 
combustion from Figure 4-31, hence there will be no ignition as the size of the 
combustor is substantially large for the given mass flow, pressure and 
temperature at 10,000m for altitude relight at combustion efficiency of 90%.  
Hence, after carrying out the additional assessment to assess the sizing 
requirements for the RQL combustor design to meet the certification criteria for 
altitude relight at 10000m. The results suggest that for successful relight, the 
minimum reference area required is 0.40m2 and a reference diameter of 0.22m 
for a “pessimistic” θ parameter curve and 0.27m2 and 0.14m respectively for an 
“optimistic” θ parameter curve as shown in Figure 4-33 for the NASA test rig 
combustor.  
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5 CONCLUSION AND SUGGESTIONS FOR FURTHER 
WORK 
5.1 Conclusion 
The objectives of this doctoral research were based on the research questions 
presented in the first chapter. The primary aim of the research was to analyse 
the suitability of the stirred reactor method and develop a model to predict NOX 
emissions for a novel aero-engine combustor. Based on the stirred reactor 
method, an RQL NOX emission model was developed and assessed with the 
public domain data of a NASA test rig experiment.  
The main conclusions which were drawn with respect to the research questions 
introduced in the first chapter are as follows:  
 The preliminary RQL stirred reactor model is able to predict the NOx 
emissions reasonably comparative to the public domain NASA test rig 
experiment data. The model has successfully predicted NOx emissions 
trend for the RQL combustor for a CFM56 type engine for different power 
settings described in the chapter 4. After comparing the ICAO and 
conventional combustor design, the RQL model predicted the NOX to be 
more than 70% lower. This has demonstrated that the model is capable 
of fairly capturing the chemical kinetics process inside the RQL 
combustor and can provide a representative estimation of NOX for an 
RQL combustor.  
 
 The parametric study on varying the amount of air in various zones in an 
RQL combustor with respect to lower NOX and CO was conducted. It 
was observed that the lowest NOX is predicted when the rich-burn 
section was at an equivalence ratio of 1.8 and quick-quench was at 0.5. 
The model was able to predict NOx by varying the amount of air in 
various zones (F1, F2, F3, and F4), but in order to carry out the test rig 
equivalent scenario, major design changes needs to be taken for the 
RQL combustor. The varying geometry RQL combustor would be able to 
vary the amount of air in different zones.  
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 An additional assessment was performed to assess the sizing 
requirements for the RQL combustor design to meet the certification 
criteria for altitude relight at 10000m. The results suggest that for 
successful relight, the minimum reference area required is 0.4m2 and a 
reference diameter of 0.22m (for a “pessimistic” θ parameter curve) and 
0.27m2 and 0.14m respectively (for an “optimistic” θ parameter curve) as 
shown in Figure 4-33.  
 
 Windmiling scenario for the existing V2500 combustor is carried out to 
verify the methodology for the sizing of the combustor. It was found that 
V2500 combustor certified the altitude relight scenario with the existing 
geometry with the methodology of this report for the altitude relighting 
capability. This verifies that the methodology for the NASA test rig 
combustor sizing. 
 
The RQL model developed in this study has proved to be quick and 
reasonable to be integrated in the future with the multi-trajectory optimisation 
framework. The emission prediction model can be further developed for 
different novel combustor designs. To the author’s best knowledge the 
application of a stirred reactor modelling approach to compute NOx 
emissions of an RQL combustor has not been done before and is therefore 
the contribution to knowledge of this research. 
5.2 Further Work 
After carrying out the research on the stirred reactor RQL emission prediction 
method in this thesis and the limitations of the model discussed in chapter 3, 
some of the recommendations for further work are as follows: 
 The comparison of the model and the NASA test rig experiment for the 
NOX emission is shown in Table 4 1. It is inferred from the results that the 
NOX is higher for the higher “J” (Jet-to-Crossflow Momentum Flux Ratio). 
Where J is directly proportional to the square of quick-quench air inlet jet 
velocity and inversely proportional to the square of main chamber jet 
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velocity. Therefore, higher the jet velocity, slightly higher the NOX 
emission as it penetrates deeper in the main jet effluent gases emanating 
from the rich-burn section. One of the assumptions while modelling the 
RQL combustor for the NOX emission prediction is not taking the “J” 
factor into account. It would be of interest to look at the impact on NOX 
emission results in the model, once the “J” factor is introduced in the 
stirred reactor model for RQL combustor quick-quench section. 
 
 CFD modelling: This doctoral research has used the stirred reactor 
method to predict NOX emissions for the RQL combustor and modelled 
that in the in-house emission prediction software “Hephaestus”. It would 
be interesting to look at NOX prediction trends in a developed CFD model 
for an RQL combustor. A comparison can be carried out with the 
available stirred reactor model predictions and the results from the CFD 
modelling. As stirred reactor method gives a holistic view of the 
combustion process inside the combustor and unable to capture the fine 
nuances of chemical kinetics. Therefore, the CFD modelling would be of 
greater interests for the RQL emission prediction method to be integrated 
in Hephaestus. Further to add to the author’s previous recommendations, 
“J” factor and the size of the quick-quench holes impacts the mixing and 
penetration of the jet entering the quick-quench region of the RQL 
combustor. And, these factors influence the NOX emission. Therefore, in 
order to capture the chemical kinetics in fine details, CFD method could 
be used to model the RQL combustor by incorporating these factors to 
predict a fairer NOX emission compared to stirred reactor model.  
 
 In order to avoid an increase in level of uncertainties, the developed 
preliminary NOX emission prediction stirred reactor model for RQL 
combustor doesn’t include processes such as fuel evaporation and 
combustion unsteadiness. But, the fuel evaporation plays a major role in 
the NOX emission production. Therefore, in order to enhance the level of 
 130 
accuracy of NOX emission prediction for the developed RQL stirred 
reactor model, it is recommend the inclusion of aforesaid processes. 
 
 The stirred reactor RQL model predicts the NOX emission to be much 
lower than the conventional combustor. Therefore, incorporation of the 
RQL NOX emission prediction model in a trajectory optimisation 
framework could benefit in presenting the optimised trajectory for lowest 
NOX emissions for an aircraft. It would be of great interest to look at the 
further development of this RQL stirred reactor model to be integrated 
with the trajectory optimisation framework. 
 
 The RQL model in this study is based on various assumptions and 
constraints and the sensitivity study which was carried out for the effect 
of air inflow spits inside the RQL combustor on NOX emission was 
inconclusive. A detailed and in-depth sensitivity analysis of the model is 
required in order to assess the RQL model’s uncertainty level in the NOx 
prediction levels when parameter such as J is introduced in the model. 
 
 Furthermore, the low conversion of FBN into NOX in the RQL combustor 
makes it an appropriate candidate in novel combustor design to be 
investigated further for the power generation gas turbine engine. 
Generally, gas turbine power generation runs on alternative fuels such as 
natural gas which contains some amount of nitrogen. This aero engine 
RQL model could be further used to predict the NOX trend in a stationary 
gas turbine engine for power generation.  
 
 This preliminary modelling of the RQL combustor has predicted 
reasonably comparative NOX emissions with the NASA test rig results. 
Similarly, other novel combustors which are discussed in the chapter 2 of 
literature review such as staged combustors, Lean Direct Injection (LDI), 
Twin Annular Premixed Swirl (TAPS) and Partially Evaporated & Rapid 
Mixing (PERM) combustors are all promising novel concepts which 
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would reduce the NOX emission while maintaining the reliability and 
combustion efficiency of the engine. 
 
 This model is able to predict the NOX emission for the RQL combustor 
but it is not able to predict the temperature traverse at the end of the 
combustor which is critical for the life of the turbine blades. It would be of 
interest to model the RQL combustor in the CFD and look at the 
temperature traverse quality of the combustor. 
 
 Due to the modular design of the emission prediction model, it is 
relatively easier to add fuels to test the effects on the NOX emissions. 
This study has added four shale gases as a fuel for the conventional jets 
engine combustor in the emission prediction model and predicted their 
impacts on NOX emissions. It would be of greater interest to look at the 
impact various additions of alternative fuels with different compositions 
on NOX emissions once added to the emission prediction model.  
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Appendix B : Hephaestus Input for NASA test rig  
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Appendix C : ALTERNATIVE FUEL: SHALE GAS NOX 
EMISSIONS 
This part focuses on the NOx prediction of the CUTF1 engine with shale gas as 
a fuel in the conventional combustor. The first part has discussed the shale gas 
and its formation. The second part explains the chemical composition of the 
chosen four shale gases and the last part describes the NOx prediction with 
comparison for the LTO cycle.  
C.1 Introduction 
The matter of alternative way to harness the fuel from the planet acquired more 
urgency in 1973, the time of the first real “fuel crisis”. Oil based fuel prices 
tripled overnight and there were various reviews of alternative fuels for subsonic 
commercial air transport by the big airframe companies such as Lockheed and 
others. There is an increasing urgency to find alternative sources of energy as 
petroleum reserves are diminishing. Combustion of fuels with higher number of 
carbon creates the most harmful greenhouse gas emissions “CO2”, for the 
Earth’s atmosphere. 
C.2 Shale Gas 
Shale is a sedimentary rock fine grained together with the pre-existing minerals 
and composed of mixtures of clay flakes. Therefore, shale gas is a natural gas 
found trapped within that shale formation. According to the paper published 
“The Shale Gas Revolution” [103], in 2000, shale gas provided only 1% of U.S. 
natural gas production; but it was providing over 20% by 2010. The U.S. 
government's Energy Information Administration predicts that by 2035, 46% of 
the United States' natural gas supply will come from shale gas [104]. 
Figure 5-1 shows the natural resources available for harnessing the 
conventional fuel. Therefore, in the light of increasing energy demand and 
environmental awareness, alternative fuels have been perceived as one of the 
potential solutions.  
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Recent developments in hydraulic fracturing (fracking) technology have 
provided access to large reserves of shale natural gas. Natural gas is relatively 
a cleaner fuel compared with other hydrocarbon fuels like Jet A. Additionally, 
due to its higher hydrogen content the luminous emissivity from the combustion 
of natural gas is lower than that from Jet A and this has implications on both 
NOx emissions and combustor life.  
 
Figure 5-1: Natural Gas Resources [104] 
 
Figure 5-2: Shale reserves around the world [105] 
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USA has the second largest shale reserves after china in the world as shown in 
Figure 5-2. This study focuses on the shale excavation sites in USA because 
the extraction of Shale gas has already started on large scale in USA and the 
literature is available for US sites already. Figure 5-3 shows all the excavation 
sites in the USA. Four sites were selected as the chemical composition of these 
shale gases data is available. 
 
Figure 5-3: Shale gas extraction sites in US [104] 
The shale gases chosen are from Marcellus, Appalachian, Eagle Ford and 
Haynesville sites. Based on the chemical composition given by George and 
Bowles [106], the molar properties of the shale gas sites were calculated by 
Sehgal [107]. Table 5-1 shows the mass fraction of the constituents in the shale 
gas at different sites which is used to implement in the Hephaestus for 
conventional combustor.  
The performance model for CUTF1 engine discussed in section 4.2 was carried 
out and verified with natural gas by Sehgal [107]. This study has taken the 
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combustor input parameters; pressure, mass flow, temperature and fuel flow 
from the CUTF1 engine performance model to estimate the NOX emission for 
the shale gas as a fuel in the conventional combustor design.  
 
Table 5-1: Mass Fraction of constituents for shale gas sites 
 
Marcellus Appalachian Eagle Ford Haynesville 
Methane 0.9700 0.7908 0.7460 0.9630 
Ethane 0.0244 0.1771 0.1382 0.0120 
Propane+ 0.0022 0.0060 0.0988 0.0031 
Carbon 
Dioxide 
0.0004 0.0007 0.0154 0.0182 
Nitrogen 0.0030 0.0254 0.0016 0.0037 
C.3 Results and Discussion 
There is no literature available to verify the NOX emission results for the CUTF1 
engine. Therefore a comparison is shown in Table 5-2 between the different 
shale gases and the ICAO data with Jet-A as fuel for conventional combustor. 
Table 5-2: EINOX vs Power Setting for different shale gas for CUTF1 
  EINOX (g/Kg Fuel) 
Power 
Settings 
(%) 
ICAO 
Jet-A 
Marcellus Appalachian 
Eagle 
Ford 
Haynesville 
100 37.8 20.7 21.5 22.2 20.4 
85 28.5 16.4 17.1 17.6 16.1 
30 11 7.5 7.8 8.1 7.4 
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9 4.7 (7%) 5.8 6.1 6.3 5.7 
 
The results from Table 5-2, shows that the NOX formation in the CUTF1 engine 
for shale gas is much lower than that for Jet-A. The reason behind the 
difference in EINOX is mentioned below:- 
 Mixture of shale gas and air is homogenous in the combustion (air and 
gas mixture), whereas in case of Jet-A, the mixture (air and liquid) is 
heterogeneous. Therefore, small pockets of Jet-A fuel during the fuel/air 
mixture create local stoichiometric region or local hot spot region 
increasing temperature thus aggravating the formation of NOX. 
 Shale gas is mostly methane with high hydrogen to carbon ratio 
whereas, Jet-A has high carbon content compared to methane. The 
carbon or soot produces luminous radiation which increases the flame 
temperature leading to increase in NOX production in Jet-A fuel. 
However, at the lower power setting the NOX formation for shale gas and Jet-A 
is in close approximation. As the engine performance calculation was performed 
in Turbomatch [97] by Sehgal [107], the compressor had surged at lowest 
power setting of 9%. This limitation of Turbomacth restricted the exact 
comparison of shale gas and Jet-A EINOX for 7% power settings.  
Moreover, testing the robustness of the model by looking into the trend of NOX 
emission characteristics was the primary focus for the introduction of shale 
gases in the Hephaestus model and the result shows, the shale gas reduces 
NOX formation in the conventional combustor when burned, compared to the 
Jet-A fuel. 
Since the shale gas reduces the NOX formation in the conventional combustor 
of CUTF1, a LTO cycle NOX calculation is performed. The section 2.4.3 
explains the ICAO LTO cycle limits for NOx production by aircraft engines. 
Figure 5-4 shows the comparison of shale gas LTO NOx and where it stands 
with the CAEP limits for the CUTF1 engine including the comparison with Jet-A.  
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Figure 5-4: Comparison of NOx characteristics: shale gas in LTO Cycle 
The NOX prediction from the model shows that the shale will abide by the CAEP 
long term goals whereas the Jet-A fuel is way higher in the NOX production for 
the LTO cycle. 
In order to use the natural gas as a fuel in an aircraft engine, it has to be 
liquefied when stored on board an aircraft. This poses a design limitation for it to 
be used in current aero engines. Especially designed fuel tank is needed to 
accommodate the liquefied natural gas for an aircraft.  
As the primary focus of this study was to check the robustness and flexibility of 
the prediction model to accommodate new fuels, the design of an aero engine 
fuel tank is not covered in this study. Sehgal [107] has reviewed and suggested 
some design changes in an aircraft to accommodate the shale gas storage on 
board an aircraft. 
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